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Abstract 
Dietary carbohydrates that can escape digestion in the upper gastrointestinal tract 
are the predominant substrates for health-promoting bacteria like bifidobacteria and 
lactic acid bacteria in the human colon. They can be utilized by these colonic bacteria 
to produce metabolites such as short chain fatty acids (SCFAs) that can have 
important physiological benefits to humans including suppression of colon cancer 
cells. Recently, the mechanisms behind the factors that affect the bifidogenic effect 
(i.e. increase in number of bifidobacteria) of dietary non-digestible carbohydrates 
(NDCs) have attracted great interest due to their impacts on human health. There are 
many factors affecting the bifidogenic effect with molecular weight ( M W ) of the 
N D C s and the Bifidobacterium species being two of the most critical determinants. 
Enzymatic activities of Bifidobacterium species also play an important role in 
affecting their utilization of the NDCs. 
In the first part of the present study, barley P-glucan as one of the non-digestible 
carbohydrates (NDCs) was demonstrated to have bifidogenic effect by promoting the 
growth of bifidobacteria through in vitro fermentation by human fecal inoculum. 
In the second part of this study, the effects of M W on in vitro fermentation by 
pure cultures of five major Bifidobacterium species {B. adolecentis, B. longum, B. 
catenulatum, B. breve, B. infantis) commonly found in both infants and adults were 
investigated. The bifidobacteria were incubated anaerobically with 3 barley P-glucans 
of different M W (low: 13000，medium: 26000，high: 32000). Four parameters 
including the organic matter disappearance (OMD), production of SCFAs including 
acetate, propionate and butyrate (individual and total), change in pH and optical 
density (OD600) were determined to compare the bifidogenic effects of the barley 
iii 
p-glucans. A higher degree of fermentability was found in low M W barley P- glucan 
as reflected by higher O M D and significantly (p<0.05) larger amount of total SCFAs 
for all Bifidobacterium species except B. longum. A decrease in pH and increase in 
OD600 were observed in all five Bifidobacterium species when fermented with all 
three P- glucans. The negative correlation (correlation coefficient: 0.656, p<0.01) 
between pH change and production of total SCFAs implied that SCFAs are the main 
source of the acidification of the culture medium. The positive correlation between 
total SCFA production and O M D (correlation coefficient: p<0.01) implied that 
total SCFA production was originated from the breakdown of the organic matter of the 
barley P- glucans. Metabolites including SCFAs were also demonstrated to suppress 
the in vitro proliferation of colon cancer cells including S W 620 and Caco2 at an 1:1 
v/v of fermentation culture medium- to- cell culture medium after 72h incubation. 
In the third part of the study, the intra-cellular and extra-cellular lichenase and 
cellulase activity of B. adolescent is and B. longum were investigated. It was found 
that the intra-cellular cellulase activity was the highest compared with other tested 
enzymes in the fermentation of barley P- glucans. 
In conclusion, the M W of barley P-glucans affects both the fermentability, 
production of SCFA and enzymatic profile induced by different Bifidobacterium 
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Chapter 1. Introduction 
1.1 Probiotics and Prebiotics 
1.1.1 DeHnitions 
Probiotics are live microorganisms that exert beneficial health effects upon ingestion 
in certain numbers, and have been used to modify the intestinal microflora for a long 
time (Gibson & Roberfroid, 1995). Different strains of probiotic bacteria may exert 
different effects based on specific capabilities and enzymatic activities even within 
one species. Different microorganisms express habitat preferences that may differ in 
various host species. 
Prebiotics are non-digestible food ingredients that beneficially affect the host by 
stimulating the growth and/or activity of one or a limited number of bacteria in the 
colon (Gibson & Roberfroid，1995). For an ingredient to be classified as a prebiotic, 
it must 1) neither be hydrolyzed nor absorbed in the upper part of the gastrointestinal 
tract; 2) be a selective substrate for one or a limited number of potentially beneficial 
commensal bacteria in the colon, thus stimulating the bacteria to grow，become 
metabolically activated, or both; and 3) be able as a consequence to alter the colonic 
microflora toward a more healthier composition. It is an approach that partly 
overcomes the limitations of probiotics. 
1 
1.1.2 Previous studies 
At present, most searches are directed toward the growth of lactic acid-producing 
microorganisms like lactobacili and bifidobacteria as shown in Table 1.1. This is due 
to their purported health-promoting properties. There is a general consensus that the 
probiotic strains should be of human origin, as these bacteria have a greater chance 
of competing with resident bacteria, and of becoming numerically predominant after 
short intake and to persist in the colonic environment for some time after 
discontinuation of use. These genera have a considerable safety record both within 
the fermented food industry, where they have been used for many years, and more 
recently in probiotic foods. 
Bifidobacteria appear to be the most promising probiotic candidates, followed by 
defined lactic acid bacteria, which favor specific healthy bifidobacteria! growth and 
species composition. For future probiotics, the most important requirements include 
a demonstrated clinical benefit supported by mechanistic understanding of the effect 
on target population microbiota and immune functions. Genomic information and 
improved knowledge of microbiotic composition and its aberrancies should serve as 
a basis for selecting new probiotics. Some peptides, proteins and certain lipids are 
potential prebiotics, non-digestible carbohydrates, in particular non-digestible 
oligosaccharides (NDOs), have received most attention. Some of the examples of 
potential prebiotics are shown in Table 1.2 
Fructooligosaccharides are the most extensively studied non-digestible 
oligosaccharides in terms of their prebiotic properties. These carbohydrates contain 
both GpyFn {(a-D-glucopyranosyl-[P-D-fmctofuranosyl] -D-fructofuranoside)n-i} 
2 
and FpyFn {(P-D-fructopyranosyl-[ p-D-fructofuranosyl] -D-fructofuranoside)n-i} 
molecules, with the number of fructose units varying from n= 2 to 70. They are 
available either as inulin, which is the storage carbohydrate in many thousands of 
plants, or can be synthesized enzymatically from sucrose (Van Loo et al. 1995). 
Today only few food ingredients meet the requirements for prebiotic classification, 
i.e. inulin-type fructans, oligofructose and (trans)-galactooligosaccharides (Gibson et 
al., 2004). Moreover, inulin and oligofructose are considered as classic model, with 
the prebiotic concept being originated from their nutritional effects. 
Table 1.1 Lactic acid bacteria as probiotics candidates 
Lactobacilli L. acidophilus, L.casei 
L. delbrueckii subsp. bulgaricus 
L .reuteri，L. brevis 
L. cellobiosus, L.curvatus 
L. fementum, L. plantarum 
Bifidobacteria B. bifidum, B. adolescentis 
B. animalis, B. infantis 
B. longum 
Gram-positive cocci Lactococcus lactis subsp. cremoris 
Enterococcus faecium 




Table 1.2 Potential prebiotics and their previous studies 
Candidate prebiotic Molecular linkage In vitro study** In vivo study*** 
structure* (Sako et 
(Sakoet al., 1999) 
al., 1999) 
Lactulose Gal-Fm M ^ Fadden & Suzuki et al.，1985; 
Owen, 1992 Hidaka et al., 1986 
Fructo- (Fru)n-Glc 1,2-P Wang & Gibson, Andrieux and Szylit 
oligosaccharides/ 1993; 1992; 
inulin Gibson & Wang, William et al., 1994; 
1994; Bouhnik et al., 1994; 
McBain & Gibson et al., 1995; 
Macferlane, 1997 Buddington et al., 
1996; 
Kleesen et al., 1997 
Galacto- (Gal)n- Glc 1,4-p, Taraka et al., Benno et al., 1987; 
oligosaccharides 1,6-P 1983; Hayakawa et al.，1990; 
Durand et al., Ito et al., 1990 & 1993; 
1992; Rowland & Tanaka, 
Bouhnik et al., 1993; 
1997 Bouhnik et al, 1997 
Soy (Gal)n-Glc 1,6-a Tamura, 1983; Kchomoto et al, 1991 
oligosaccharides -Fru Hayakawa et al., 
1990; 
Saho et al., 1992 
Isomalto- (Glc)n 1,6-a Kohmoto et al., Kaneko et al., 1994 
oligosaccharides 1988 
Gluco- (Glc)n 1,6-P Djouzi et al., 1995 Djouzi et al., 1995 
oligosaccharides 
Xylo- (Xyl)n 1,4-p Hopkin et Okazaki et al., 1990 
oligosaccharides al .,1998 
* Gal, galactose; Glc, glucose; Fru, fructose; Xyl, xylose 
**The in vitro studies contained both pure and mixed culture fermentation data 
*** The in vivo studies cited were from both animal and humans 
(modified from Crittenden & Playne, 1996; Tamara & Robert, 2006) 
4 
Bifidobacteria possess a cell-bound (3-fructofuranosidase enzyme that allows 
preferred utilization of fructooligosaccharides over sucrose (Muramatsu et al., 1994) 
and clearly offers this genus a competitive advantage in the human gut. The fructose 
moiety is then metabolized in the specific “bifidus” pathway. Similarly, 
bifidobacteria! a-galactosidase activity likely allows a prebiotic effect for soybean 
oligosaccharides (Desjardins et al., 1990). Galactooligosaccharides are manufactured 
from lactose by transglycosylation reactions and consist of galactosyl derivatives of 
lactose with ( D 3 ) -P- and (l->6) -f- linkages. The purported prebiotic nature of 
galactooligosaccharides may be due to the linkage-specificity of the Bifidobacterium 
P-galactosidase (Dumortier et al, 1994). Isomaltooligosaccharides ((1 今6)-(x- linked) 
and glucooligosaccharides ((l->6)-P-linked) are prebiotic candidates, as are 
xylooligosaccharides. However，specific enzymes for the degradation of these 
molecules have not yet been evaluated; thus the explanatory mechanism for any of 
their purported prebiotic effect is not yet evident. 
Lactulose was found to be another effective substrate for growth of bifidobacteria 
and it is also applied in a wide variety of foods as a bifidogenic factor or as a 
functional ingredient for intestinal regulation. Lactulose is readily metabolized by all 
the Bifidobacterium species which reside in the human intestinal tract; Terada et al 
(1992) studied the effect of lactulose on adult fecal profile by administering 3 g daily 
for 2 weeks. It was observed that the % of bifidobacteria was 8.3% of total colonic 
bacterial population before intake, and an increase of 4.7% was observed during 
intake. After lactulose feeding, it decreased to the initial level, demonstrating the 
effectiveness of lactulose in proliferating bifidobacteria in vivo (Terada et al., 1992). 
Lactulose can be utilized by bifidobacteria and is metabolized to organic acids which 
lead to a decrease in intestinal pH. 
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1.1.3 Properties of enhanced prebiotics 
Most of the prebiotics in industrial use are naturally occurring oligosaccharides or 
are products of transfer reactions from sucrose and/or lactose (Playne & Crittenden, 
1996). Despite the current gaps in our knowledge, it is possible to produce a list of 
desirable attributes in a functionally enhanced prebiotic. It is also possible to identify 
certain properties that the oligosaccharide should possess in order to achieve these 
attributes (Table 1.4) 
The rate and extent of fiber fermentation depend on two main categories of factors: 1) 
host specific factors such as activities and composition of the colonic microflora as 
well as gastrointestinal tract transit time and 2)substrate specific factors including 
physicochemical properties (e.g., particle size, solubility, and cell wall architecture) 
of the fiber source as well as chemical composition (monosaccharide profile) and 
structural arrangement (degree of branching and linkages between monosaccharide 
of fiber constituents. (Auffret et al., 1993; McBurney et al., 1989; Titgemeyer et al., 
1991) 
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Table 1.3 Proposed desirable attributes of prebiotics (Playne & Crittenden，1996) 
Desirable attributes Properties of prebiotics 
Active at low dosage Highly selective and efficiently 
metabolized by Bifidobacterium and 
Lactobacillus spp. 
Persistence through the colon High molecular weight or large degree 
of polymerization 
Fine control of microflora modulation Selectively metabolized by restricted 
species 
Lack of side effects Highly selectively metabolized by 
beneficial bacteria but not by gas 
producers, putrefactive organisms 
1.1.4 Synbiotics 
Synbiotics can be defined as ‘a mixture of probiotics and prebiotics that beneficially 
affects the host by improving the survival and implantation of live microbial dietary 
supplements in the gastrointestinal tract, by selectively stimulating the growth and/or 
activating the metabolism of one or a limited number of health promoting bacteria, 
and thus improving host welfare' (Gibson &Roberfroid，1995). By combining the 
probiotic and prebiotic strategies previously described, additive or synergistic effects 
may be observed. There are numerous mechanisms by which this may occur. 
Increased survival of probiotic bacteria and hence shelf life in consumer products as 
a result of prebiotic addition would lead to an increased ingestion of viable cells 
(Shin et al., 2000). Higher probiotic numbers may also be achieved by simultaneous 
feeding with a prebiotic which can be competitively utilized by the probiotic 
(Holzapfel &Schillinger, 2002). In addition, the presence of a prebiotic may not only 
stimulate the growth or activity of the probiotic strain fed but also select indigenous 
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bacteria in the colon that are considered beneficial (Roberfroid,1998). Furthermore, it 
may be possible to target a synbiotic product to two different regions of the 
grastrointestinal tract, for example the small and large intestine (Holzapfel & 
Schillinger,2002). 
In a human volunteers study, it was found that the strains of L. paracasei 
administered with a synbiotic dietary supplement (i.e. combination of viable 
freeze-dried new lactobacilli strains of human origin with prebiotics such as inulin 
and fructo-oligosaccharides) were able to survive through the gastrointestinal tract 
and to persist for at least a few days (Leorenzo et al.,2003). It is also shown that the 
efficacy of a synbiotic preparation could positively affect microflora of healthy 
volunteers. (Leorenzo et al., 2003) 
Other studies have shown an increased persistence of probiotics in synbiotic 
preparations both in terms of the location in the colon (Rastall & Maitin, 2002) and 
how long the effects can be seen following cessation of taking the product 
(Roberfroid,1998). The latter being a possible indicator of better implantation of the 
probiotic strain into the indigenous flora or a more general increase in indigenous 
bifidobacteria caused by the prebiotic. 
Colon cancer has been studied as a situation where synbiotics could be of benefit. 
Most studies have been carried out in rats and looked at the reduction in number of 
aberrant crypt foci (cancer precursors) in rats treated with azoxymethane (a tumour 
promoter). Gallaher and Khil (1999) found that FOS and bifidobacteria had no effect 
when administered alone but when applied together as a synbiotic five out of six 
subjects had decreased aberrant crypt foci. Another study has shown that whilst a 
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mixture of short and long chain FOS could decrease the number of adenomas and 
malignant cancers, a mixture of Lactobacillus reuteri G G and Bifidobacterium lactis 
Bbl2 only had an effect in reducing the number of malignant tumors. The results 
were improved with the pro- and prebiotics combined but this time the effects were 
seen to be additive and not synergistic (Fermia et al., 2002). 
Immune modulation may also be more effective with synbiotics，and may be an 
example whereby different components of the synbiotic act at different sites. The 
same combination of pro- and prebiotics were as used by Fermia et al.(2002) and 
immune parameters measured. The results showed that peripheral blood mononuclear 
cells were specifically affected by probiotics and prebiotics but in some immune 
compartments a greater effect was shown by the synbiotic (Roller et al., 2004) 
Table 1.4 Potential synbiotics 
Prebiotics part Probiotics part 
FOS/ inulin bifidobacteria 
Lactitol lactobacilli 
G O S bifidobacteria 
(Alander et al, 2001; Asahara et al, 2002) 
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1.2 Colonic fermentation 
1.2.1 Major substrates and metabolites of colonic fermentation 
In human large intestine, “fermentation” is loosely used to describe the large variety 
of reactions and the overall metabolic processes involved the anaerobic catabolism of 
organic matter. 
Basically, substrates for colonic microflora fermentation are those dietary ingredients 
that resist enzymatic digestion in the small intestine. In the small intestine, fats are 
digested by 90-95% while the digestion of proteins is less complete. It is estimated 
that about 3-9 grams of protein pass into the colon daily (Macfarlane & Cummings, 
1991). Various types of carbohydrates are digested to different degrees. For instance, 
monosaccharides are absorbed efficiently more then 90% when consumed in 
physiological amounts (Priebe et al., 2002). Conversely, non-digestible 
polysaccharides (NDPs) and non-digestible oligosaccharides (NDOs) form a large 
proportion as substrates for colonic fermentation. The human large intestine is thus a 
multi-substrate environment that supports a highly diverse community of 
microorganisms. 
The two main types of fermentation that are carried out in the gut are proteolytic and 
saccharolytic. Generally, saccharolytic fermentation is more favorable than a 
proteolytic fermentation in terms of the types of metabolites produced. The 
end-products of proteolytic fermentation include nitrogenous metabolites (such as 
phenolic compounds, amines and ammonia), some of which are carcinogenic (Smith 
& Macfarlane, 1996). Large intestinal fermentation using carbohydrates as substrates, 
on the other hand, would generate different types of products, including hydrogen, 
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carbon dioxide, methane, other gases and short-chain fatty acids (SCFAs), the major 
anions in colonic contents (Priebe et al., 2002). These reactions are carried out by 
intestinal microflora which possess glycosidases capable of hydrolyzing the 
glycosidic linkages of oligo- and polysaccharides not digested or incompletely 
digested by the enzymes in the upper gastrointestinal tract. These intestinal 
microflora are thus able to metabolize monosaccharides. An increased production of 
the SCFAs leads to a decreasing luminal pH (Priebe et al” 2002). SCFAs are the 
principal products of microbial fermentation in the large intestine and affect colonic 
health by providing energy to the epithelial cells. In pure culture, different anaerobic 
gut bacteria can produce a wide variety of products, including acetate, propionate, 
butyrate, succinate, lactate and ethanol, but only the first three are normally found as 
major products in the mixed gut ecosystem. This is explained by the fact that 
products such as lactate and succinate are efficiently utilized by certain groups of 
anaerobic bacteria (Macfarlane & Macfarlane, 2003). The equation below 
summarizes how carbohydrates act as prebiotics and bifidobacteria as probiotics 
work together by fermentation in the colon. 
Fermentation 
Dietary fibre 
/oligosaccharides 一 CO: + methane +SCFAs + … + 
(prebiotics) Colonic bacterial proliferation 
bacterid/bifidobacteria 
(probiotics) 
(Gibson G.R.,et a/1995) 
The probiotics or colonic bacteria generate short-chain fatty acids (SCFAs) through 
fermentation of prebiotics such as oligosaccharides and hence help themselves 
proliferate. Some investigators also mentioned the production of small amounts of 
carbon dioxide, methane and hydrogen. 
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1.2.2 Health-related effects of Short-Chain Fatty Acids (SCFAs) 
The production of SCFAs including acetate, propionate and butyrate is considered as 
being beneficial to the host. The vast majority of SCFAs over 95% formed are 
quickly absorbed and metabolized by the host. This allows the salvage of energy 
from undigested food in the upper gastrointestinal tract and can account for up to 9% 
of the host energy requirements (Hume, 1995). Both acetate and propionate are 
absorbed from the colonic lumen. Propionate is transported to the liver for 
gluconeogenesis and acetate to various tissues as a fuel. Butyrate is oxidized by the 
colonic epithelium (Priebe et al., 2002). SCFAs have a wide range of physiological 
functions in the body, including coloncyte metabolism (Roediger, 1980), cell growth 
and differentiation (DeFazio et al., 1992), epithelial cell transport (Del Castillo et al” 
1994), intestinal motility (Cherbut et al” 1996), energy generation in muscle, kidney, 
heart and brain (Macfarlane & Cummings, 1991). The SCFAs including acetate, 
propionate and butyrate have many health related effects in human as summarized in 
Fig 1.1. 
In humans, the colon is the second most frequent site for carcinoma formation. It is 
thought that tumors arise 100 times more often in the large intestine that in the small 
gut. This has lead to speculation that the hindgut microflora is involved in colonic 
cancer onset. Some large intestinal bacteria are able to produce carcinogenic or 
tumor-promoting compounds during their metabolism (Gibson et al., 1994). These 
include diacyl-glycerols, fecapentaenes, nitrosamines, and 7-hydroxy IQ 
(2-amino-3-methyl-3H-imidazo-[4, 5-f]-quinoline). Dietary strategies that lead to a 
reduction in the accumulation of such products and their effects are worthy of 
attention. The SCFAs have antiproliferative, differentiating, and pro-apoptotic effects, 
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which are protective against colorectal cancer and may influence the risk of 
malignancy in enterocystoplasty (Dyer et al., 2005). SCFA butyrate is one of the 
bacterial metabolites may offer a protective role in tumorigenesis. It is a common 
fermentation end product, and has received attention as a stimulator of apoptosis and 
a preferred fuel for the healthy gut mucosa (Gibson et al., 1994). In this case, it 
would be desirable to increase overall butyrate levels in the large gut, and the 
prebiotic approach offers potential. 
The human colon adenocarcinoma cell lines such as Caco2 and S W 620 usually 
serves as a common in vitro model for estimating the colon cancer suppression effect 
of fermentation metabolites and the fraction absorbed of compounds via the intestinal 
tract (Artursson et al” 2001). And there are three most widely used assays for cell 
injury: the typan blue exclusion test and the release of the cytoplasmic enzyme 
lactate dehydrogenase (LDH) into the culture medium with the cleavage of the 
methyl thiazole tetrazolium salt (MTT) into formazan by mitochondrial enzymes in 
viable cells (Denizot and Lang, 1986). Angela et al. (1999) compared this two 
method for assaying cell survival and proliferation. They suggested that M T T is 
more sensitive in detecting minor alterations in cell metabolism. The use of this 
colorimetric assay for cell survival, performed in microtitre trays in conjugation with 
an automatic scanning spectrophotometer offered major advantages in speed, 
simplicity, cost and precise quantization over other cytotoxic assay. M T T gives 
information about the viability of the cell population as a whole and also be very 
useful for assessing individual cell viability by direct microscopic visualization of 
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Fig 1.1 The health related effects of SCFAs (Sources of references: Roediger, 1980; 
deFazio et al.，1992; Demigne & Reesy, 1994; Hume, 1995; Priebe et al., 2002) 
1.3 Bifidogenic effect 
1.3.1 Definition of bifidogenic factor and its health benefits 
The prebiotics identified to date all promote the proliferation of bifidobacteria in 
particular. Hence, they are often referred to as bifidogenic or bifidus factors. The 
increase in the number of bifidobacteria so-called “bifidogenic effect". Domination 
of bifidus flora is strongly regarded as the optimum condition in the gut, resulting in 
a healthier state of the whole body with respect to metabolic, immune, physiological, 
and even mental status. The colonic microflora of breast-fed babies is especially rich 
in bifidobacteria (up to 90% of the total microflora) which are stimulated by 
ingredients of mother's milk like human milk oligosaccharides (HMO) (Harmsen et 
a/.,2000; Miller & McVeagh, 1999; Yoshioka, Iseki, & Fujita, 1983). The proportion 
of Bifidobacterium spp. decreases with age to 5-10% of the total microflora in adults 
(Mitsuoka, 1996), which drops further in the elderly, accompanied by physiological 
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disturbances, malfunction of the immune system and increased susceptibility to 
intestinal infections. The diversity and number of Bifidobacterium species provide a 
marker of the stability of the human intestinal microflora (Tanaka, 1995). Therefore, 
finding strategies to increase the number of bifidobacteria in the gut is a worth-while 
challenge. 
Probiotics and prebiotics are the two possibilities of incorporation of bifidobacteria 
into human intestinal tract. The mechanism(s) by which prebiotics promote the 
selective proliferation of bifidobacteria amongst the multitude of genera within the 
intestinal microbiota remain speculative. It is probably due to the ability of 
bifidobacteria to utilize these growth substrates relatively efficiently compared with 
other members of the microbiota, and their tolerance to the short-chain fatty acids 
(SCFAs) the acidic microenvironment resulting from fermentation. There was a 
range of factors that might stimulate the growth of bifidobacteria in the human 
colonic microbiota, the most important was the initial size of the population within 
the intestinal tract (Roberfroid et al., 1998). 
Bifidobacteria are Gram-positive anaerobic branched or pleomorphic rods. Presently, 
34 species (including some different biotypes and subspecies) have been described 
and 12 species have been associated with humans as host. The genus Bifidobacterium 
is the third most numerous bacterial populations in the human intestine after the 
genera Bacteroides and Eubacterium. It is also the predominant population during 
childhood. The number of these known Bifidobacterium spp. gradually decreases 
with age and also the composition of the Bifidobacterium spp. changes in time. 
Bifidobacteria have been identified as preferred target microorganisms for prebiotic. 
It is because bifidobacteria may exert a variety of effects that may contribute towards 
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host's health. There were some health advantages associated with human adult and 
infant gut as shown in Table 1.5 below. Carbohydrates that stimulate the growth of 
Bifidobacterium species in human colonic microbiota are said to have bifidogenic 
effect. 
Table 1.5 Health benefits of bifidobacteria 
Health benefits 
1. Inhibition of pathogen growth 
2. Immuno-modulatory activity 
3. Restoration of gut flora after antibiotic therapy 
4. Positive effects on antibiotic-associated diarrhea 
5. Production of digestive enzymes 
6. Colon cancer prevention 
(adapted from Fuller R. & Gibson G.，1997) 
1.3.2 Carbohydrate metabolism by related enzymes of bifidobacteria 
Bifidobacteria play an important role in carbohydrate fermentation in the colon. 
Oligo- and polysaccharides will be degraded to monosaccharides and these will be 
converted to intermediates of the hexose fermentation pathway also called 
fructose-6-phosphate shunt or bifid shunt. Bifidobacteria utilize pyruvate produced 
as an intermediate in the fructose-6-phosphate shunt by two routes: reduction of 
pyruvate to lactate by the lactate dehydrogenase and breakdown of pyruvate into 
acetyl phosphate and formate by physphoroclastic enzyme (de Vries & Stouthamer, 
1967). Under limited carbon condition, bifidobacteria produce mainly acetate and 
formate as fermentation products, however, acetate and lactate are produced when 
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carbohydrate supply is in excess (Macfarlane, 2003). Subsequently, they will be 
converted to short chain fatty acids (SCFAs) and other organic compounds. The 
catabolism of the polymeric carbohydrates is done by a wide range of 
depolymerizing enzymes. These glycosidases are found extracellularly, associated to 
the bacterial cell, or intracellular, (detail refers to section 1.7) 
Bifidobacteria differ from other colonic genera in their fermentation of carbohydrates. 
They lack the enzymes aldolase and glucose-6-phosphate NADP+ oxidoreductase 
(De Vriers, 1967) and therefore unable to carry out the usual glycolysis pathway or 
the hexose monophosphate shunt pathway. The bifidus pathway depends on the 
presence of fmctose-6-phosphate phosphoketolase (F6PPK) (Fandi et al., 2001). The 
formation of acetate and lactate as end products of this pathway are significant in 
terms of the health benefits of probiotics. In some species of bifidobacteria however, 
pyruvate is converted into formic acid and ethanol, yielding an extra ATP from 
Imole of glucose. The presence of the Bifid shut allows bifidobacteria to produce 
more ATP from carbohydrates than conventional hetero and homofermentative 
pathways. The bifid shunt yields 2.5 ATP from 1 mole of glucose, as well as 
theoretically l.Smoles of acetate and 1 mole lactate. These short chain fatty acids 
play a part in the purported health promoting properties associated with prebiotics. It 
is known that acetate produced in the gut is transported to the liver where it is 
utilized in the formation of ATP. Lactate is known to possess anti-microbial activity 
which is active against a number of potentially pathogenic bacteria (Roberfroid et al., 
1995). 
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1.3.3 Previous studies on bifidogenic effects of carbohydrates 
Bifidobacteria are able to ferment (arabino)galactooligosaccharides, 
arabinooligosaccharides, arabinoxylooligosaccharides, xylooligosaccharides, and 
fructooligosaccharides, xylooligosaccharids and fructooligosaccharides but not able 
to utilize rhamno- and glacturon-oligosaccharides. Bifidobacteria possess high 
glycosidase activity toward linear substrates such as fructooligosaccharides and 
galactooligosaccharies (Van Laere et al., 2000). A better understanding of the 
metabolic activity of bifidobacteria will help to identify the probiotic strains which 
can better compete for nutrients and will also be a contribution to the definition of 
optimal synbiotic combinations. 
1.4 Barley p-glucan 
1.4.1 Cereal fibres as prebiotics 
Cereal products are the most important staple food throughout the world. Cereal 
grains are predominantly composed of starch and in addition, non-starch 
polysaccharides composed of glucose (p-glucan), fructose ( polyfructan), xylose and 
arabinose (arabinoxylan) (Belitz & Grosch, 1999).The hemicellulosic polysacchrides 
of rye and wheat are composed mainly of pentosans (arabinoxylans), whereas those 
in oats and barley are composed mainly of p-glucans (Selvendran & Verena，1990). 
Since they can escape digestion and supply fermentable carbohydrate in the colon, 
there is increasing interest in the impact of them on intestinal microecology. To date, 
there have only been a few studies exploring the prebiotic potential of the fibres from 
cereal crops. In cereals, p-glucans and arabinoxylans are the major dietary fibre 
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constituents that are fermentable by bacteria in the human gastrointestinal tract 
(Fleming et al., 1983; Fincher & Stone, 1986; Henry, 1987; Stevens & Selvendran, 
1988). There is currently a lack of scientific researches that focused on the prebiotic 
or bifidogenic effect of other P-glucnas, especially cereal (3 glucan with (l+3)-P-
and (1^4) -(3- glycosidic linkages. 
1.4.2 Chemical and physical properties and related health impacts of barley 
P-glucan 
Mixed linkage (l->3), (1 • 4^)-(3-D-glucans are usually referred to as P-glucans. 
It is found in the endosperm cell walls of barley and oats, usually at a level of 3-7% 
grain weight. Structurally it is linear (l->3), (l->4) - P -D-glucan with cellulose-like 
portions linked through (1-^3) glycosidic bonds, which makes it more soluble. The 
P-bond is not digestible by enzymes in human gastrointestinal tract, resulting in the 
classification of p-glucan as a soluble dietary fiber. Barley p-glucan has about 90% 
cellotriosyl and cellotetraosyl units (Zvonko & Feral, 2005). Nonetheless, researches 
on the prebiotic potential of glucans with P glycosidic linkages are relatively rare. 
One of these is gentio-oligosaccharides [P-D-Glc-(l-^6)]n when n= 2-5 (Playne & 
Crittenden，1996). 
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Fig 1.2 Chemical structure of barley P-glucan 
Native (3-glucan has high viscosity that is related to its health promoting properties. 
P - g l u c a n usually exhibits high viscosity due to its longer molecular chains (Beer et 
al., 1997; Wood et al.,1991). This high native viscosity is very often degraded during 
extraction and further processing of P-glucan. (Zvonko & Feral, 2004) it was found 
that a significant inverse relationship between the glycaemic and insulin response 
and the logarithm of P - g l u c a n viscosity (Wood et al., 1994). Since viscosity is a 
function of molecular weight and concentration, a similar relationship was confirmed 
between plasma glucose and the logarithm of concentration times molecular weight 
(Wood et al, 2000). 
The pseudoplasticity of barley P - g l u c a n gums is already an established fact with high 
viscosity gums having a high consistency coefficient and low flow behavior index 
between 0.7 and 1.0. Flow behavior index values closer to one imply good fat 
replacing properties (Szczesniak & Farkas, 1962). 
The molar mass of (3-glucan has been widely studied, but the results vary greatly. 
Autio (1996), in a review, reports values between 49000 and 3 x 10^  g/mol. The 
value strongly depends both on the conditions of isolation and the method used for 
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analysis (Forrest & Wainwright, 1977; Woodward et al., 1983; Autio, 1996; Beer et 
al” 1997, Gomez et al., 1997). The molar mass of extracted P - g l u c a n may also vary 
between cultivars (Jaskari et al., 1995; Beer et al., 1997) and is affected by heat 
treatments of the starting material (Beer et al., 1997; Zhang et al., 1998; Nyman, 
2003). 
1.4.3 Impacts on intestinal microecology 
In vitro studies have shown that Bifidobacteiraum longum and Bifidobacterium 
adolescentis are able to ferment arabinoxylan from a variety of cereal sources in 
addition to arabinoxylan oligosaccharides (Van Leare et al., 2000; Crittenden et al., 
2002). Importantly, potentially deleterious intestinal bacteria such as Escherichia coli, 
Clostridium perfringens or Clostridium difficile, do not directly ferment these 
substrates. When fed to mice，rye bran rich in arabinoxylan produced a strong 
bifidogenic effect (Oikarinen et al., 2003). Arabinoxylan is slowly fermented by the 
intestinal microbiota compared with inulin (Karppinen et al, 2000), and behaves like 
a soluble fermentable fibre (Lu et al., 2000). Further research into the prebiotic 
potential of cereal carbohydrates is warranted. 
1.4.4 Previous studies on bifidogenic effects of barley P-glucan 
Most prebiotic research has been directed at the effects of inulin or 
fructo-oligosaccharide consumption, with a lesser interest in other plant polymers, 
such as P-glucans, even though they are the major component of grains such as 
barley and oats which are common in food to farm animals and humans. 
Consumption of P-glucans has been associated with potential health benefits for 
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humans, such as reducing post-prandial gycemia in type 2 diabetic patients (Braaten 
et (7/., 1994; Tappy et al, 1996) and a reduction of hyperlipidemia (Jenkins et al, 2002) 
and hypercholesterolemia (Davidson et al, 1991, Braaten et al, 1994). Few data are 
available on the metabolism of polysaccharides isolated from wheat and barley, and 
little is known about the effect of cereal enzymes and fermentation on the 
degradation of polysaccharides by bifidobacteria. 
An arabinoxylan-rich germinated barley product has been reported by Karppinen et 
al. (1999) to induce the proliferation of bifidobacteria in the human intestine. In 
rodent models of inflammatory bowel diseases (IBD), and in two, small, human 
studies of subjects with ulcerative colistis, consumption of the germinated barley 
product ameliorated inflammation (Bamba et al., 2002; Fukuda et al, 2002; 
Kanauchi et al., 2003). However, as for all known and emerging prebiotics, 
convincing evidence of a consistent clinical benefit in the treatment of IBD remains 
to be demonstrated in large, randomized, double-blind, placebo-controlled studies. 
1.5 Methodology for evaluating prebiotic and bifidogenic effect 
There are a number of approaches to evaluate the bifidogenic effects of 
carbohydrates to regulate the human gut bacterial populations. In vitro inoculum 
usually uses human intestinal pure bacterial culture to reflect the metabolism in 
mono-culture (Wang & Gibson, 1993). Alternatively, fecal slurries reflecting 
microflora in the distal colon or gastrointestinal residues from sudden dead victims 
reflecting microflora in the proximal colon can also be used in vitro studies 
(Macfarlane et al” 1998). For in vivo studies, oral administration of tested substrates 
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to the human microflora-associated rats as well as human clinical trials provide 
useful indicators for prebiotic evaluation (Rowland & Tanaka, 1993; Moore et al., 
2003). 
1.5.1 In vivo animal models 
Rats and mice have frequently been used to investigate the prebiotic properties of 
substrates (Rowland & Tanaka, 1993). Conventional animals, gnotobiotic (germ-free) 
rats or rats inoculated with one or a limited number of micro-organisms have been 
used, although the conditions in these animals do not resemble the normal human gut. 
Rats may be associated with a human faecal microflora, known as human 
microflora-associated (HFA) rats, and these give a closer representation of the human 
colonic situation; the intestinal physiology was not same. A major drawback with 
laboratory animal experiments is the differences (e.g. epithelial structures and 
differentiation difference, responsiveness to enteroendocrine cell products to control 
absorption rate) in gut anatomy as well as the rodent practice of coprophagy. 
1.5.2 Human clinical study 
Simply reporting fermentation in pure cultures of single microbial strains or an 
increase in a limited number of bacterial genera in complex mixtures of bacteria (e.g. 
faecal slurries) either in vitro or in vivo is not enough. They are limited approaches 
that do not take into account the high level of complexity of the gut microflora and 
the numerous bacterial interactions that exist therein. Therefore, volunteer human 
clinical test is still the best approach. There are several human studies that 
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demonstrate the prebiotic effect of oligofuctose, inulin and HP-inulin. These studies 
were carried out according to different protocols : controlled diet versus free diet 
(Buddington et al., 1996; Gibson et al., 1995; Guigoz et al., 2002), parallel study 
design versus cross-over, different doses (Harmsen et al” 2002; Kleessen et al., 1997), 
different volunteers with different age (Kruse et al., 1999; Menne et al” 2000) sex 
(Mitsuoka et al., 1987) and colonic bacterial condition (Rao, 2001; Tuohy et al., 2001; 
Williams et al., 1994). In these in vivo trials, there were large variations between 
initial microflora composition of the subjects (analyzed by applying both classical 
culture and molecular techniques) as well as in the way they responded to the 
substrates. (Gibson et al., 1995; Bouhnik et al., 1996; Buddington et al., 1996; Franks 
et al., 1998; Kruse et al., 1999; Rao, 2001; Tuohy et al., 2001; Guigoz et al, 2002; 
Harmsen et al., 2002). The efficanciy of prebiotics also has been evaluated also in 
formula-fed neonates (Moro, 2001; Rigo, 2001; Knol, 2002). 
1.5.3 In vitro fermentation study 
1.5.3.1 Pure culture 
Pure cultures are the simplest in vitro model. Substrates are added to a basal growth 
medium and the growth of a selection of gut micro-organisms is determined during 
time course incubations (Gibson & Wang, 1994). When working with gut 
micro-organisms, however, the approach involves a significant challenge in that 
anaerobic growth conditions must be maintained together with standard 
microbiological aseptic techniques. Growth of the micro-organisms is usually 
monitored by measuring optical density of the culture or viable counts on agar plates. 
The pure culture approach gives a reasonable comparative assessment of metabolism 
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in mono-culture, and can be used to perform mechanistic studies on prebiotic 
metabolism. 
1.5.3.2 Mixed culture bacterial fermenters 
A common means of modeling the microbial activities of the gut is to use batch 
culture fermenters inoculated with faeces (Wang & Gibson，1993). Anaerobic 
conditions are maintained by the infusion of oxygen free nitrogen or argon, pH is 
controlled and the fermenters are well mixed. Using mixed culture experiments with 
selected gut microbial species induced some element of competition between species 
and can be used to examine specific interactions, for instance within different 
probiotics species. They are however, closed systems with limiting substrate 
concentrations and they are best suited for short time course experiments. 
1.5.3.3 Continuous culture systems as in vitro gut models 
A three-phase continuous culture system can simulate different anatomical areas of 
the large gut (Macfarlane et al., 1992; McBain & Macfarlane, 1997; Macfarlane et al., 
1998). This has been validated against samples of colonic contents taken at autopsy 
(Macfarlane et al., 1998) and this model is close to the luminal microbiology of the 
colon. The system consists of 3 vessels (Fig 1.3), of increasing size, aligned in series 
such that a sequential flow of growth medium occurs. The pH in the vessels is 
regulated to reflect pH values found in vivo. Vessel 1 has high substrate availability, 
rapid bacterial growth and an acidic pH, similar to the proximal colon. Vessel 3 
resembles the neutral pH, slow bacterial growth and low substrate availability 
characteristic of the distal colon. The model is inoculated with faeces and an 
equilibration period allowed achieving steady growth conditions in each vessel. Once 
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steady state is achieved, the feeding of the candidate prebiotic begins. Once a new 
steady state is achieved, the vessels are sampled and microbial groups enumerated. 
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Fig 1.3 Diagrammatic representation of the three-stage multiple continuous 
culture chemostat as used to mimic the human colonic microbial environment. 
(Source of reference: Macfarlane et al. 1998). 
1.5.4 Advanced molecular techniques in quantifying intestinal bacteria 
Advances in the field of molecular phylogeny have made it possible to study 
bacterial populations by a culture-independent approach (Table 1.6). The first widely 
used molecular technique in microbial identification was total genomic D N A 
hybridization (Robert, 1999). This technique still required culturing of the respective 
bacteria, but it utilized the whole genomes to determine the degree of similarity 
between two microbes instead of using small genomic regions. Total genomic D N A 
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hybridization formed the basis for molecular microbial phylogeny before the 
emerging of the 16S rDNA revolution. Molecular technologies based on 16S rDNA 
sequence similarities such as FISH, denaturing get electrophoresis (DGGE), 
quantitative dot blot hybridization, restriction fragment length polymeorphism have 
overcame the limitations of conventional microbiological plating methods in 
studying the fecal microflora composition (Tannock, 1999). 
Molecular techniques, especially FISH performed with 16S r RNA-targeted 
oligonucleotide probes has been a very powerful tool for both detecting and 
enumerating interested microbes in environmental and fecal samples (Amann et al., 
1995). The small 16S rRNA in bacteria contained regions of highly conserved 
nucleotide base sequence and are interspersed with hypervariable regions (V regions). 
These hypervariable regions contained the signatures of phylogenetic groups and 
even species. Colonic microflora can thus be accurately identified by extraction of 
DNA, polymerase chain reaction (PCR) amplification of the 16S rRNA gene using 
universal primers that target conserved bacterial sequences and determination of its 
nucleotide base sequences. The 16S rRNA has been the most widely employed 
molecule to develop the phylogeny of bacteria. 
Whole cell hybridization combined with specific 16S rRNA-targeted oligonucleotide 
probes detects morphologically intact cells. Since fluorescently-labeled probes are 
often applied, this technique is often referred to as fluorescence in situ hybridization 
(FISH) (Suau et al, 1999). In principal, bacterial cells are permeabilised by treatment 
with paraformaldehyde or ethanol to allow the probes to reach their target, the 
ribosomal RNA. If the 16S rRNA contains a sequence complementary to the probe 
sequence and this target sequence is accessible to the fluorescent oligonucleotide, a 
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hybrid is formed causing the whole cell to fluoresce. Since each cell contains several 
thousand ribosomes, the fluorescing cells can be visualized by epifluorescence 
microscopy. The major advantage of this method is the capability to detect individual 
cells in a complex mixture of cells without the need to grow them. 
Over the years, FISH has been modified and adapted to identify and enumerate fecal 
microflora. More and more phylogenetic sequences have also been worked out for 
bacterial identification. Phylogenetic analysis of rRNA genes, amplified by PGR, has 
been used as a major and efficient method to investigate the bio-diversity of 
intestinal microflora and revealed many novel species (Zoetendal et al, 1998; Suau 
et al., 1999). Langendijk and his colleagues (1995) first developed rRNA-targeted 
probes for Bifidobacteria. It was followed by the design of rRNA-targeted probes 
targeting Clostridium leptum subgroup (Sghir et a/. ,2000) and Eubacterium spp. 
(Schwietz et al., 2000) in human feces. 
With the more extensive development on the techniques and probe diversity, FISH 
therefore serves as a good tool for fecal composition study. FISH is also desirable 
and suitable for investigating the effect of a prebiotic candidate on fecal microflora 
before and after fermentation. 
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Table 1.6 Molecular techniques applied to human feacal analysis 
Molecular techniques Basic principle 
Restriction fragment length Compares bending patterns after 
polymorphism (RFLP) digestion of chromosomal D N A with 
endonucleases 
Pulsed field gel electrophoresis (PFGE) Cutting restriction enzymes are used to 
reduce band numbers from RFLP 
Ribotyping A ribosomal D N A probe highlights 
bands within RFLP 
Ribosomal D N A sequencing Direct comparison of 16SrDNA gene 
sequences from sequencing of PCR 
amplified rDNA 
Amplified fragment length RFLP amplified by PCR 
polymorphism 
Genetic probes Detection and/or identification of 
specific microbial groups within 
environmental samples by labeled 
hybridization probes 
Molecular marking Use of a genetic tag that enables 
discrimination of target microorganisms 
within complex ecosystems 
(Fuller & Gibson, 1998; Robert & Gibson, 2002) 
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1.6 Factors affecting bifidogenic effect 
The main factors responsible for susceptibility of carbohydrates to fermentation are 
chemical structure, composition of monomer units, degree of polymerization (DP) 
and possible linear or branched structure, water solubility as well as molecular 
weight (Van Laere et al, 1997). 
1.6.1 Molecular weight 
Generally, carbohydrates of short chain length, unbranched nature and soluble in 
water are better fermented (Rastall & Gibson, 2002). Most prebiotics are 
oligosaccharides with chain length not exceeding 10 monomers. Inulin, with DP 
from 10 to 60, appears to be an exception. Taking into consideration and the 
complexity and variability of human colon microflora as well as long-lasting colon 
transit time, even inulin can perhaps find favorable conditions to undergo mild 
degradation, and become a substrate for bifidobacteria. Use of higher molecular 
weight may broaden a prebiotic target, site of action and effects, as low-chain 
glucans theoretically act more intensively in proximal colon and high-chain ones in 
more distal colonic regions (Rastall & Gibson, 2002) 
The effects of highly polymerized inulins were more diverse and seem to be 
dependent on the presence and ability of other bacteria to initiate degradation, 
followed by the possible subsequent stimulation of the growth of bifidobacteria 
(Maddalena et al., 2005). Since most current prebiotics are of relatively small DP, it 
is believed that the oligosaccharides must be hydrolysed by cell-associated bacterial 
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glycosidases, prior to uptake of the resultant monosaccharides. Therefore it is 
reasonable to assume that the longer the polysaccharide, the slower the fermentation 
and hence the further the prebiotic effect will penetrate throughout the colon. For 
example, long chain inulin may exert a prebiotic effect in the more distal colonic 
region than the lower molecular weight FOS, which may be more quickly fermented 
in the saccharolytic proximal bowel (Gibson & Rastall，2006). This approach has led 
to industrial forms of inulin/FOS mixtures with controlled chain length distribution, 
which in theory should persist further in the hindgut. A single in vitro study on 3 
bifidobacteria strains suggested that short chains (i.e. DP = 2 to 10) were fermented 
at a higher rate than longer (i.e. DP >10) fructooligosaccharides and resulted in a 
higher biomass yield (Perrin et al., 2002). But the precise relationship between 
molecular weight and selectivity is not known at the present time for any 
polysaccharide/oligosaccharide system. 
1.6.2 Species difference 
There is a preference for prebiotic carbohydrates amongst the Bifidobacterium 
species (Gibson & Wang, 1994; Hopkins et al., 1998). The ability of Bifidobacterium 
species of human origins to utilize oligosaccharides have been reviewed by Mitsuoka 
(1996). The results showed that B. longum (8 strains), B. infantis (2 strains) and B. 
adolescentis (9 strains) utilized the fructooligosaccharides well, B. breve (4strains) to 
a lesser extent, whereas 6 strains of B. bifidum did not utilize FOS at all. This showed 
that bifidobacteria had species difference in the ability to digest the same 
carbohydrate which may be due to their different enzyme profiles. For example, a 
strain-dependent capability to degrade fructans of different lengths of 
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Fructooligosaccharides was also observed using 22 Bifidobacterium strains in pure 
culture batch fermentation ( Maddalena et al., 2005). It is known that the enzymes of 
the bifidus pathway are not expressed to the same levels in all Bifidobacterium 
species (Bezkorovainy 1989). 
1.7 Enzymatic activities involved in fermentation of p-glucan 
There are many enzymatic reactions involved in fermentation of P-glucans. The 
enzymatic hydrolysis of p-glucans is a gentle fragmentation of polysaccharides. The 
barley P glucans was found to contain (D3)-P- and (D4)-P-linkages. Hence, the 
possible (3-glucanases that might cause endo/exo depolymerization of the glucan 
would likely include exo-1, 3-P-glucanase (EC 3.2.1.39), endo-l,3-p-glucanase 
(Laminarinase, EC 3.2.1.58), mixed linked endo-l,3;l,4-P-glucanase (lichenase, EC 
3.2.1.73), and endo-1,4-P-glucanase (cellulase, EC 3.2.1.4). While lichenases and 
cellulases are the core enzymes involved in the depolymerization of barley P-glucan. 
1.7.1 Eiido-l,3:l，4-p-glucanase (Lichenase) 
Endo-1,3-1,4-P-glucanase i.e. lichenase cleaves the (1^4)- P-linkages adjacent to a 
(1^3)-linkage at the reducing end. The shorter polysaccharides or oligosaccharides 
thus obtained are the (1^4)-linked building blocks for P-glucan with (1 今3)-linked 
end group (Johansson et al” 2000; Wood et al., 1991).It is widely used for sequence 
analyses (Wood et al., 1991; Wood 1994; Miller & Fulcher, 1994; Roubroeks et 
al.,2001; Ehrmann et al., 2003). Some bacteria and fungi can produce (3-glucanase 
that has the same substrate specificity as malt P-glucanase and, thus, the ability to 
hydrolyze barley p-glucan specifically. (He et al, 2005). 
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Fig 1.4 The mode of action of lichenase on p-glucan, showing linkages 
hydrolysed. Horizontally arranged open circles represent 1, 4-P-linked blocks of 
D-glucopyranosyl units and oblique lines represent 1, 3-P-linkages 
1.7.2 Endo-l,4-P-Glucanase (Cellulase) 
Endo-1, 4-P-Glucanase i.e.Cellulase is the other enzyme used for depolymerization 
of P-glucan samples, which cleaves only (l->4)- (3-glycosidic linkages (Roebroeks et 
al” 2001). It is also used experiments studying P-glucan in addition to lichenase 
(Roebroeks et al., 2001). This enzyme breaks internal (l->4)-linkages next to a 
4-substituted residue in a random fashion. The primary targets of this enzyme are the 
longer sequences of consecutive (1—4)-linkages which indicates that the enzyme is 
site specific. These sequences are located within the P-glucan since viscosity 
dropped during the treatment (Roebroeks et al., 2001; Tosh et al., 2004). 
1.7.3 Enzymatic assays 
Before carrying out the enzyme assays, lysing the bacterial cell is the first step 
toward extraction and isolation of the enzyme from bacteria. Gram-positive bacteria 
have a thick cell wall containing covalently associated peptidoglycans, which are 
critical for maintaining shape and rigidity (Schlessinger & Schaechter, 1989), 
therefore these cell walls are not easily disrupted. Mechanical disruptions like French 
Pressure or sonication, and enzymatic lysis have been used to break down the 
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bacterial cell wall (Johnson, 1994). That is a lytic enzyme produced by Streptomyces 
fulvissimus. Labiase has both N-acetyl glucosaminidase and muramidase activities. It 
has been reported that labiase has higher lytic activity than that of achromopeptidase, 
which was widely used previously, against Lactobacillus spp. (Ohbuchi et al., 2001). 
Another research showed that labiase has 62.9% lytic activity against 
Bifidobacterium spp. and the activities towards other lactic acid bacterium cells are 
shown in Table 1.7. The extent of lysis of lactic acid bacterium cells by labiase varies 
with the strain and growth stage of the lactic acid bacteria as well as the culture 
conditions. 
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Table 1.7 Lysis of some lactic acid bacterium cells by labiase. 
Strains Lysis (%) 
Leuconostoc mesenteroides IFO 3832 92.8 
Leuconostoc lactis IFO 12455 99.6 
Streptococcus faecalis IF03971 95.5 
Streptococcus mutans IFO 5705 73.9 
Lactobacillus acidophilus IFO 13951 97.9 
Lactobacillus brevis IFO 3345 95.6 
Lactobacillus plantarum I A M 1041 96.8 
Lactobacillus fermentum IFO 3345 70.4 
Lactobacillus kefir JCM 5818 93.0 
Lactobacillus sanfrancisco JCM 5818 82.1 
Bifidobacterium hifidum JCM 1255 62.9 
(Ohbuchi et a/., 2001) 
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1.8 Project objectives 
The project aims at evaluating the potential of barley P-glucans as novel prebiotics 
and their bifidogenic effect. The objectives of the study are as follows: 
1 To investigate the prebiotic effects of barley p-glucans as potential prebiotics by 
studying their in vitro fermentability and bifidogenic properties using human 
fecal inoculum; 
2 To study the effect of molecular weight of barley P-glucans (low: 137000， 
medium :260000, high: 327000) on bifidogenic effect at species level {B. 
adolescentis, B. longum, B. catenulatum, B. breve, B. infantis); 
3 To investigate the effect of fermentation metabolites from the fermentation 
medium of Bifidobacterium species incubated with barley p-glucans on 
suppression of the proliferation of colon cancer cell lines including Caco-2 and 
S W 620 
4 To investigate the enzymatic activities including lichenase and cellulase, 
involved in the fermentation of barley P-glucans by the Bifidobacterium species 
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Chapter 2. Materials and Methods 
2.1 Materials 
2.1.1 Trehalose, chitin and lactulose 
Trehalose (a-D-glucopyranosyl a-D-glucopyranoside)， a disaccharide from 
Sacchawmyces cerevisiae and chitin (poly-[l—^4]-P-N-acetyl-D-glucosamine), in 
form of purified powder from crab shells were supplied by Sigma-Aldrich (Dorset, 
United Kingdom) Lactulose, a semi-synthetic disaccharide formed by isomerisation 
of lactose to form galactosyl (1—4)-p- fructose, was a well proven prebiotics (Wako 
Pure Cheimcal Industries，OSAKA，Japan). All the other necessary chemicals used in 
the experiments were supplied by Sigma-Aldrich unless otherwise stated. 
2.1.2 Barley p-glucan 
Barley P-glucans with different molecular weights used as substrates were from 
Megazyme International (Ireland). There were low, medium and high viscosity 
barley P-glucans with molecular weight of 137000, 260000 and 327000, respectively 
and all of them with a moisture content of less than 3.6% and a protein content less 
than 1.2 % according to the manufacturer. These substrates were stored in desiccators, 
and freeze-dried before the fermentation experiments. The medium viscosity barley 
p-glucan was used in section 2.2 as a candidate of prebiotics when compared with 
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trehalose and chitin in the in vitro fermentation using fecal inoculum. All the three 
barley P-glucans were used in evaluating how molecular weight affecting the 
bifidogenic effects in Section 2.3. High and low viscosity barley P-glucan were used 
in further investigation in the in vitro fermentation using pure bifidobacterium 
culture to study the enzymatic activities involved in Section 2.4. 
Table 2.1 Product specifications of barley P-glucans used in the fermentation 
experiments 
Barley p-glucan Low viscosity Medium viscosity High viscosity 
Viscosity * 5.6 cSt 28 cSt >100 cSt 
Starch content <0.0 % < 0.1 % < 0.1 % 
(Arabinoxylan: <0.3 %) 
Protein content 1.0% 0.4 % 1.2% 
Moisture 2.0 % 2.2 % 3.6 % 
Molecular weight 137,000 260,000 327,000 
*(1% w/v; Ostwald C-type viscometer, 30°C). 
(Adapted from product specifications of Megazyme International) 
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2.1.3 Pure Bifidobacterium species of human origin 
Five freeze-dried human intestinal pure culture bacterial species including B. 
catenulatum (JCM 1194), B. longum (JCM 1217), B. adolescentis (JCM 1275), B. 
breve (JCM 1192), B. infantis (JCM 1222) obtained from Japan Collection of 
Microorganisms (JCM) were chosen to give a broader and representative spectrum. 
Bifidobacterium species are most abundantly occurring in human adult and infant 
intestines. In adult intestinal tracts, the B.catenulatum group is the most common 
taxon, followed by B.longum and B. adolescentis. B. breve is the most abundant 
group in infant, followed by B. infantis. 
2.2 Static batch culture fermentation using fecal inoculums 
The static batch culture fermentation using fecal inoculums was used as a 
preliminary test for the confirmation of the prebiotic effect of barley P-glucan in a 
competitive gut-mimic environment. 
2.2.1 Substrate preparation 
Each substrate (0.5 g) including lactulose as positive control was weighed and put 
into individual 100 ml reagent bottles, each containing 47.5 ml of autoclaved (121°0, 
15 min) Anaerobic Basal Broth (Oxoid, Hampshire, UK) formulated from a range of 
nutrients which have been selected to optimize the recovery and growth of majority 
of anaerobic organisms. It contained (g 1''): peptone, 16.0; yeast extract, 7.0 as a 
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source of vitamins and starch was included to absorb toxic products. A blank control 
containing only the broth was set up accordingly. The reagent bottles containing the 
substrates (1% w/v) and the control were autoclaved at \2\°C for 15 min for 
sterilization. They were then tightly closed and sealed with parafilm and incubated at 
37°C incubator with mild agitation 2 h before inoculation of fecal bacteria. 
Table 2.2 Chemical composition of the anaerobic basal broth with pH 6.8 土 0.2 
Formula g I"' 
Peptone 16.0 
Yeast extract 7.0 
Sodium chloride 5.0 
Starch 1.0 
Dextrose 1.0 
Sodium pyruvate 1.0 
Arginine 1.0 
Dithiothreitol 1.0 
Sodium succinate 0.5 
L-cysteine HCl 0.5 
Ferric pyrophosphate 0.5 
Sodium thioglycollate 0.5 
Sodium bicarbonate 0.4 
Haemin 0.005 
Vitamin K 0.0005 
(Oxoid, Hampshire, UK) 
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2.2.2 Human fecal inoculum preparation 
A 25% (w/v) fecal slurry was prepared by using fresh human feces from 3 healthy 
Chinese donors (2 males and 1 female) who had consumed a non-specific Chinese 
diet and had not taken any antibiotics for the past 3 months with no history of 
gastrointestinal diseases prior to the study. Individual fresh feces of about 25 g each 
was transferred immediately into an autoclaved and pre-weighed 100 ml reagent 
bottle containing 49.0 ml PBS at pH 6.8 and 1.0 ml oxyrase (Oxyrase, Mansfield, 
USA) that had been flushed with oxygen-free argon for 1 minute prior to collection. 
The fermentation vessels containing human feces were tightly closed and wrapped 
with parafilm before subsequent fecal slurry preparation. In a laminar flow hood, the 
fecal slurry was diluted by blending with autoclaved 0.2 M PBS in concentration of 
1:4 (w/v) in a cup blender for 50 s, followed by homogenization at 10,000 rpm for 
1 min by the use of a high-speed homogenizer (Polytron PT3000，Switzerland). After 
filtering through 3 layers of filtration net, 10 ml of homogenized fecal sample was 
inoculated into the fermentation vessels containing 0.5 g of trehalose, chitin, medium 
viscosity barley P-glucan and reagent blank at 37°C prepared before(Section 2.2.1). 
2.2.3 Inoculation of human fecal inoculums 
Each substrate-containing bottle was aseptically inoculated with 10 ml of the 
aforesaid human faecal homogenate and the headspace of the bottle was flushed with 
the ultra-pure argon gas for 1 min. All bottles were then tightly closed, sealed with 
parafilm and incubated for 24 h with mild agitation (50 rpm) on a vibration shaker at 
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37°C. The fermentation broths were sampled at time of zero h and after 24 h for 
bacterial enumeration, pH measurement, SCFA analysis and FISH analysis. The 
fermentation experiments were performed in triplicate for each substrate as well as 
the blank control. 
2.3 Static batch culture fermentation using pure culture of bifidobacteria 
Static batch culture fermentation using pure culture of bifidobacteria was used to 
investigate the difference in bifidogenic effect of 5 selected Bifidobacterium species 
on barley P-glucans with 3 different molecular weights. Two species with more 
significant difference in their bifidogenic effect as affected by molecular weight were 
chosen for further investigating their enzymatic activities, with the use of pure 
culture of Bifidobacteria . 
2.3.1 Substrate preparation 
Each substrate (0.5 g) included lactulose as positive control was weighed and 
dissolved into individual 100 ml fermentation vessels (Schott reagent bottles) by 
magnetic stirrer with mild heat supply, each containing 48 ml of Anaerobic Basal 
Broth (Oxoid, Hampshire，UK). A blank control containing only the broth was set up 
accordingly. The reagent bottles containing the substrates (1% w/v) and the control 
were autoclaved at 121°0 for 15 min for sterilization. They were then tightly closed 
and sealed with parafilm before incubating at 37°C incubator with mild agitation. 
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2.3.2 Cultivation of pure bifidobacterium cultures 
Five freeze-dried human intestinal pure cultures of Bifidobacterium species were 
hydrated with 0.5 ml autoclaved Reinforced Clostridial Broth (RGB) (Oxoid , 
Hampshire, UK). The hydrated culture was evenly mixed with the appropriate 
autoclaved media containing 30% agar and cultivated anaerobically in plates at 37 
°C in an anaerobic jar with a carbon dioxide gas generating kit (Oxoid, Hampshire, 
UK) for 2 days. Single colony was selected to subculture in the new autoclaved broth 
(49.5 ml) under same conditions. Bacterial culture (0.5 ml) was continued to 
subculture in 49.5 ml freshly prepared autoclaved RCB twice for 48 h and 24 h 
before inoculation. 
Table 2.3 Chemical compositions of Reinforced Clostridial Broth with pH 6.8 士 0.2 
Formula g l] 
'Lab-Lemco' powder 10.0 
Peptone 10.0 
Glucose 5.0 
Sodium chloride 5.0 
Yeast extract 3.0 
Sodium acetate 3.0 
Soluble starch 1.0 
Cysteine hydrochloride 0.5 
Agar 0.5 
(Oxoid, Hampshire, UK) 
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2.3.3 Inoculation of bifidobacterium culture 
One milliliter of a 2 % (v/v) activated pure Bifidobacterium culture was inoculated 
into the fermentation vessels containing the substrates and reagent blank at 37 
And 1.0 ml sterile enzyme additive Oxyrase (Oxyrase, Mansfield, USA), used for 
producing an anaerobic environment was added then. The headspace of each 
fermentation bottle was flushed with oxygen-free argon for 1 min. All vessels were 
tightly closed and sealed with parafilm before incubating at 37。C incubator with 
mild agitation. The fermentation broths were sampled at 6 h interval of the 
fermentation for bacterial enumeration, O D measurement, pH measurement, SCFA 
analysis and enzyme assays. The fermentation experiments were performed in 
triplicate for each substrate as well as the blank control. 
2.3.4 Growth curve of Bifidobacterium species 
The growth patterns and conditions were studied by constructing a 48 h growth curve 
of the Bifidobacterium species. The pure culture was first activated as the procedures 
described in section 2.3.2. One milliliter of activated culture was then pipetted in 48 
ml of autoclaved enriched medium, Reinforced Clostridial Broth (Oxoid, Hampshire, 
UK) together with 1.0 ml sterile enzyme additive Oxyrase (Oxyrase, Mansfield, USA) 
in autoclaved fermentation bottles. The headspace of each fermentation bottle was 
flushed with oxygen-free argon for 1 min. All vessels were tightly closed and sealed 
with parafilm and incubated at 37°C incubator with mild agitation. The fermentation 
broths were sampled at different time interval of the fermentation for bacterial 
enumeration and pH measurement. The fermentation experiments were performed in 
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triplicate for each Bifidobacterium species. 
Bacterial growth rates during the phase of exponential growth, under standard 
nutritional conditions (culture medium, temperature, pH, etc.), define the bacterium's 
generation time. Generation times for bacteria vary from about 12 min to 24 h or 
more. The generation time for E. coli in the laboratory is 15-20 min, but in the 
intestinal tract, the coliform's generation time is estimated to be 12-24 h. For most 
known bacteria that can be cultured, generation times range from about 15 min to 1 h. 
(Tortora et al., 1995; Black et al., 1996). When growing exponentially by binary 
fission, the increase in a bacterial population is by geometric progression. If it starts 
with one cell, when it divides, there are 2 cells in the first generation, 4 cells in the 
second generation, 8 cells in the third generation, and so on. The generation time is 
the time interval required for the cells (or population) to divide (Tortora et al., 1995; 
Black et al., 1996). 
The generation time (G) of each Bifidobacterium species was also studied using 
formula 
G (generation time) = t/n 
G = generation time (time for the cells to divide) 
t = time interval in h or min 
n = number of generations (number of times the cell population doubles during the 
time interval) 
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Let B = number of bacteria at the beginning of a time interval 
b = number of bacteria at the end of the time interval 
b = B X 2" (This equation is an expression of growth by binary fission) 
Solve for n: 
logb = logB + nlog2 
logb - logB 
n = 
n = 3.3 log (b/B) 
Solve for G 
t 
G = 
3.3 log (b/B) 
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2.4 Dry matter and organic matter disappearance in batch fermentation 
The remaining non-fermented residue after 24-h or 48-h batch culture fermentation 
from above was dried in a 120。C oven (Sheldon manufacturing Inc., Oregon, USA) 
to determine the residual dry matter. The weighed dry matter was ashed in a 600。C 
muffle furnace (Cole-Parmer, Illinois, USA) overnight. The dry matter disappearance 
(DMD) percentage and organic matter disappearance (OMD) percentage are 
expressed as follows: 
D M o r i g i n a l - ( D M 2 4 - B 2 4 ) 
D M D ( % ) = ： X 1 0 0 % 
D M original 
In which D M original is the mean weight of dry matter of the substrate before 
fermentation; 
D M 2 4 is the mean weight of dry matter of the non-fermented residue after 24 or 48 h 
of fermentation; 
B24 is the mean weight of dry matter in the reagent blank after 24 or 48 hours of 
fermentation. 
O M o r i g i n a l - ( O M 2 4 - B 2 4 ) 
O M D ( % ) = X 1 0 0 % 
O M original 
in which O M original is the mean weight of organic matter ( difference between weight 
of dry matter and weight of ash) of substrate before fermentation; 
O M 2 4 is the mean weight of organic matter of the non-fermented residue after 24 h of 
fermentation; 
B24 is the mean weight of organic matter in the reagent blank after 24 h of 
fermentation 
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2.5 Gas chromatographic (GC) determination of short-chain fatty acids 
(SCFAs) 
An aliquot of fermentation broth (0.6 ml) sampled from the static batch culture at 
different incubation time during in vitro fermentation were transferred to a 1.5 
ml-eppendorf filled with 10 g copper (II) sulphate (12 |J1) and kept at -20。C until 
SCFA analysis. The frozen samples containing non-fermented residue were thawed 
and centrifuged at 4800 rpm for 30 min at 4 °C. Aliquot of supernatant (350 jil) was 
then transferred into a new eppendorf and was acidified by adding 87.5 of 25 % 
meta-phosphoric acid together with 62.5 j^l 4-methyl-pentanoic acid (4 mg ml'i) 
(catalog no. 6220601, Alltech, Kentucky, USA) as internal standard, with 
vortex-mixing. The mixture was incubated at room temperature for 30 min and 
vortex-mixed with 0.5 ml of diethyl ether. It was allowed to stand for 10 minutes for 
phase separation. The top layer (diethyl ether with dissolved SCFAs) was 
quantitatively transferred into another eppendorf and the bottom layer (containing 
remaining SCFAs) was further extracted twice with 0.5 ml of diethyl ether. The 
diethyl ether extracts containing SCFAs were pooled together followed by 
dehydration with anhydrous sodium sulfate, transferred into sample vials via 0.45 
|jm filter and stored at -20 °C until GC analysis. 
The SCFA content of the controls and the samples produced after different in vitro 
fermentation incubation times were quantified by a HP 6890 GC system equipped 
with an Alltech Quadrex 007-FFAP capillary column (30 m x 0.25 m m inner 
diameter), coupled with an FID detector. An oven temperature program of initial 
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temperature 80°C with a hold of 5 min, followed by a temperature rise of 3°C/ min 
to 130。C with a final hold of 5 min was used. Both injector and detector temperature 
were set at 220。C. Helium was used as carrier gas with a constant flow rate of 1.5 
ml/min while compressed air and hydrogen were used as detector gases. Five 
microlitres of sample was injected and their SCFA content was detected by flame 
ionization. Individual SCFAs was corrected for losses during solvent extraction as 
well as their different responses to the GC detector by a molar correction factor 
determined from the recovery of SCFA standards subject to the same sample 
treatment. A mixture of individual SCFA standards including ethanoic acid (i.e. 
acetic acid), propanoic acid, butanoic acid (SCFA standards kit, catalogue no. 18600， 
Alltech, PA, USA) and 4 methyl-pentanoic acid was prepared in 25% 
meta-phosphoric acid at a final concentration of 0.5 mg/ml for both quantification 
and identification. The amount of the SCFAs produced from the positive, blank and 
samples were expressed as mM/g of substrates on organic matter basis. 
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The correction factors, CFSCFA, for each SCFAs was calculated by using the 
following equation: 
( P I S X W S C F A ) 
C F S C F A = 
( P S C F A X W I S ) 
Where Pis = G C peak area for internal standard (4-methyl pentanoic acid); 
WscFA= weight (mg) of individual SCFAs standard used in the assay; 
P s c F A = G C peak area for individual SCFAs standard; 
Wis= weight (mg) of the internal standard used in the assay. 
The content (mmol/g of substrate on organic matter basis) of individual SCFA 
produced by the substrates was computed as follows: 
Individual S C F A ( C F S C F A X PSCFA X W I S X STOTAL X F R T O T A L ) 
(mmol/g) = (Pis X SASSAY X F R A S S A Y X M W X W S ) 
Where C F s c f a i s correction factor for individual SCFA 
PSCFA is the GC peak area for individual SCFA in sample solution; 
Wis is the weight (mg) of internal standard in sample solution; 
STOTAL is the total volume of supernatant from 0.6ml of fermented residue and ranged 
from 0.6 ml to 0.4 ml in different samples; 
FRTOTAL is the total volume of fermented residue and is equal to 20 ml 
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Pis is the G C peak area for internal standard in sample solution 
SASSAY is the aliquot of supernatant for assay and is equal to 0.35 ml; 
F R A S S A Y is the aliquot of fermented residue for assay and is equal to 0.6ml; 
M W is the molecular weight (g/mol) of individual SCFA (60.05 for ethanoic acid, 
74.08 for propanoic acid, 88.11 for butanoic acid) 
W s is the weight (organic matter, mg) of original sample. 
2.6 MTT assay 
In order to evaluate the effect of the fermentation metabolites (i.e. SCFAs) on the 
suppression of proliferation of colon cancer cells, M T T assay was applied for two 
types of adherent colon cancer cells, S W 620 (ATCC® Number CCL-227™) and 
CaCo2 (ATCC® Number HTB-37™) cells. The sources of both cell lines are from 
the human adult colon. 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, M T T (Sigma, Cat. # 
M5655) assay (Mosmann, 1983) was carried out to assess the viability of adhesive 
cells. 
Reduction of M T T salt by mitochondrial succinate dehydrogenase gives a 
purplish-blue formazan product, of which amount is measured and reflects the cell 
viability indirectly. One hundred microlitres of colon cancer cells with 2.5 x 10^  
cells/well were seeded on a 96-well microplate. The samples with concentration of 
25, 50 and 100 i^l per 100 were added (final volume in each well was 200 jil) after 
the cell attachment and incubated for 24, 48 and 72 h. At the termination of the 
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experiments (24, 48 or 72 h later), M T T (50 jig/100 sample) were added to the 
wells and incubated for 5 h at 37°C. After aspirating M T T solution, the blue 
formazan reaction product was extracted with 150 jil isopropanol and was mixed 
well with a multi-channel pipette. The cell viability was detected by a microplate 
reader at 570 nm as described by Mosmann (1983). 
The samples were compared with controls without adding any samples. All tested 
samples were carried out in five replicates. 
The density of living cells of each fraction was compared with the control to 
calculate % cell viability calculated as: 
Absorbance of sample-treated cell 
Cell viability (%) = X 100% 
Absorbance of control cell 
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2.7 Microbial identification and enumeration 
2.7.1 Fluorescent in situ hybridization 
2.7.1.1 Oligonucleotide probes for fluorescent in situ hybridization 
Genus-specific 16S rRNA-targeted probes for enumerating the total number of fecal 
bacteria and Bifidobacterium. Species were synthesized commercially and 
5'-labelled with the fluorescent dye Cy3 (Proligo, Paris, France). The samples were 
also counter-stained with the nucleic acid stain 4', 6-diamidino-2-phenylindole 
(DAPI) (Fluka, Seelze, Germany) which was a fluorescent nucleic acid stain that 
binds strongly to D N A of all bacteria to obtain the total cell counts. Cells were fixed 
onto a glass slide, and those stained with DAPI or hybridized with probe were 
enumerated under a microscope, as described in section 2.7.1.4 below. 
The dried oligonucleotide probes and DAPI were diluted with autoclaved ultra-pure 
water to a concentration of 50 ng iil'' and 500 ng [iV\ respectively and stored at -20 
°C and 4。C correspondingly at dark for further use. 
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Table 2.4 Hybridization probes and temperature used in the fermentation experiment 
Target bacteria Probe Probe (5' to 3') sequence Hybridization Reference 
temperature 
(。C) 
Total count Bac 338 G C T G C C T C C C G T A G G A G T 54 Amann et 
al., 1990 
bifidobacteria Bif 164 C A T C C G G C A T T A C C A C C C 50 Langendijk 
et al., 1995 
2.7.1.2 Cell fixation 
Static batch culture fermentations using fecal inoculums were set up as described 
above (details refer to 2.2) and samples removed for bacterial enumeration via FISH. 
After regular time interval of fermentation, samples (375 jxl) were removed from the 
batch cultures and added to 1.125 ml of filtered 4% (w/v) paraformaldehyde solution 
(pH 7.2), vortex-mixed, and stored at 4 °C overnight for cell fixation. The fixed 
cells were centrifuged at 2500 rpm for 10 min and washed twice in filtered 0.1 M 
phosphate buffer solution (0.1 M, pH 7.0). This was then resuspended in 150 jil 
phosphate buffer solution (0.1 M, pH 7.0). One hundred and fifty microliters of 
methanol was added, and the samples were vortex-mixed and stored at -20 °C until 
further analysis. 
54 
2.7.1.3 In situ hybridization 
An aliquot of the methanol-fixed cells (10 jil) was added to 70 jil pre-warmed 
autoclaved water and 200 |al pre-warmed, filtered, double-strength hybridization 
buffer [1.8 M NaCl, 40 m M Tris HCl, pH 7.2, 0.2% SDS (w/v)], and mixed. For each 
hybridization, 45 |il fixed cells were added to each probe (50 m g 1"') in a ratio of 9:1 
(v/v), mixed and placed in the appropriate hybridization temperature for 24 h. The 
hybridized sample (10-50 jil) was then washed in 5 ml pre-warmed, filtered, 
single-strength hybridization buffer (0.9M NaCl, 2 0 m M Tris-HCl，pH 7.2) 
containing 20 DAPI solution (500 g 1"^) for 30 min at 50。C. The sample was then 
filtered onto a 0.2 m m pore size GTBP Isopore black membrane filter ( Millipore 
Corporation, Watford, Herts., UK) and the filter mounted in Slow-fade ( Molecular 
Probes, Leiden, The Netherlands) onto a clean microscopic slide. Cells were counted 
using a Nikon Micorphot EPI fluorescent microscope (Nikon, Kingston upon 
Thames, Surrey, UK) fitted with D M 400 and DM510 filters (Nikon) for the DAPI 
stain (入ex 359 nm and 入em 461 nm) and the Cy 3 dye (入ex 550 nm and 入em 565 nm), 
respectively. A minimum of 15 microscopic fields in each slide containing 10-100 
cells was counted manually or 30 fields through an automated image analysis 
software (CellC) as described below. 
2.7.1.4 Automated image analysis 
Fecal bacterial samples obtained from static batch culture fermentation (section 2.2) 
and growth curve analysis (Section 2.3.4) were enumerated by automated imaged 
analysis.A minimum of 30 microscopic fields in each slide containing 10-100 cells 
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was randomly captured by FDX-3 5digital camera (Nikon, Tokyo, Japan) and saved 
as 1280 X 1024 pixels format for further analyzed by an automated image analysis 
software, CellC. The software was freely available at 
http://www.cs.tut.fi/sgn/csb/cellc/faq.html. This software was capable of analyzing 
the total cell image (DAPI stained) and specific cell image (Cy3), captured from the 
same field at the same time. Fluorescent microscopic bacterial cells images captured 
from the digital camera were then can be quantified. After loading the total cell 
image into the software, the intensity threshold was adjusted manually in case of 
strong auto-fluorescence background or in low contrast images. The automatic 
background correction was set on to correct for brightness variations in background 
due to background auto-fluorescence and uneven illuminations. Changes in threshold 
setting can be observed readily from the graphical threshold adjuster. To enable data 
acquisition on a cell-by cell basis, the parameter to divide cells into single cell was 
set to 0.9. The artifacts were removed automatically by discarding objects smaller 
than 20 pixels or greater than 9999 pixels in the captured image. The total cell count 
as well as a binarized image with white cells on a black background was 
automatically produced after analysis. The analysis procedure was repeated with the 
specific cell image, in which only objects that are visible in both images are regarded 
as specific cell count. 
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2.7.1.5 Quantification of bacteria 
The number of bacteria per milliliter was calculated by using a conversion factor 
derived from the number of fields in the filtered area and the volume of cells filtered. 
The Conversion Factor (CF) is the number of microscopic fields that can be observed 
in the filter. The CF for manual and automated enumeration was calculated as below: 
CF= Area niter/ Area neid 
In which Area filter is the area of the filter (mm ) and equals to 兀 x 0.105 for manual 
enumeration. 
Bacterial count (per (CF x Mcount x Vmethanoi x V 
double strength X V probe/ 
gram of wet weight = 
(Vcell X Vcell 1 X Vcell 2 X Vcell 3 X F % ) 
feces) 
In which CF is the Conversion Factor for manual or automatic enumeration 
calculated above; 
Mcount is the number of cells that can be observed under the microscope; 
Vmethanoi IS the volumc of methanol that the bacterial cells are suspended in and is 
equal to 300 jil; 
Vdoubie strength IS the total volume of methanol suspended cells, double strength buffer 
solution and ultra-pure water mixture and is equal to 280 \i\; 
Vprobe is the total volume of diluted cells and D N A probe for hybridization and is 
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equal to 50 |il; 
Vceii is the volume of cells removed from the fermentation system and is equal to 375 
Vceiiiis the volume of methanol fixed cell used for assay (|j.l); 
Vceii2 is the volume of diluted cell mixed with D N A probe and is equal to 45 jil; Vceiis 
is the volume of hybridized sample washed in single strength buffer solution (^il) 
Vceii3 is the volume of hybrisdised sample washed in single strength buffer solution 
F % is the percentage of fecal sample in the fermentation inoculum, or F % =1 when 
pure Bifidobacterium culture was used 
2.7.2 Optical Density (OD) measurement 
Turbidity measurements employ a variety of instruments to determine the amount of 
light scattered by a suspension of cells. Particulate objects such as bacteria scatter 
light in proportion to their numbers. The turbidity or optical density of a suspension 
of cells is directly related to cell mass or cell number, after construction and 
calibration of a standard curve. The method is simple and nondestructive, but the 
sensitivity is limited to about 10^  cells per ml for most bacteria (Patricia et al., 2006). 
In the preliminary test of the bifidogenic effects of the 3 types of barley (3 glucans on 
the 5 selected Bifidobacterium species (details refer to section 2.3), 600 fermented 
culture was drawn in different time intervals into curettes for measuring their O D at 
wavelength 600 nm (Aboo). 
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2.7.3 Direct microscopic count 
A variation of direct microscopic count has been used to observe and measure 
growth of bacteria in natural environments. Direct microscopic counts are possible 
for counting the bifidobacteria in the fermented cultures using special slides known 
as hemacytometer (AO Scientific Instruments, New York). Dead cells cannot be 
distinguished from living ones. Only dense suspension can be counted (>10^ cells per 
ml), but samples can be concentrated by centrifugation or filtration to increase 
sensitivity. And proper dilution was carried out with autoclaved distillated water. 
Direct microscopic count is used to enumerate the bifidogenic effect of high and low 
molecular weight barley p glucan on the selected species from preliminary tests. 
Calculation of concentration is based on the volume underneath the cover 
slip. Estimate cell concentration by counting 4 small squares in 5 randomly selected 
large square in the large middle square which has a volume of 0.0001 ml (length x 
width X height; i.e., 0.1 cm x 0.1 cm x 0.01 cm). The cell concentration is calculated 
as follows: 
Bacterial count per ml= (Cell Count x dilution factor x 20 x 10000) 
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2.8 Enzyme assays 
2.8.1 Enzyme extraction 
It was crucial to break the cell walls of bifidobacteria in order to release its 
intra-cellular enzymes. Labiase (Seikagaku Corporation, Tokyo, Japan) was used for 
the release and analysis of intracellular bacterial enzymes. It was an enzyme 
preparation from Streptomyces fulvissimus useful for the cell wall lysis of many 
Gram-positive bacteria such as Lactobacillus, Aerococcus and Bifidobacteria. 
Labiase was supplied as lyophilized powders containing lactose. Lyophilized powder 
0.15 g was added to 10 ml of autoclaved distilled water to obtain an enzyme solution 
with 15.0 g /ml solution. 
Eight milliliters of fermented culture collected in a falcon at respective time interval 
(0 h, 24 h, 48 h, and 72 h) was centrifuged at 10,000 x g for 20 min. The supernatant 
(i.e. culture medium with the extra-cellular enzyme) was collected for testing the 
extra-cellular enzymatic activity of the Bifidobacterium species during the 72 h in 
vitro fermentation. Then the cell was washed twice with distilled water. Appropriate 
amount of distilled water was added to the washed cells，and the absorbance at 660 
nm was adjusted to 0.9. The optimal concentration of labiase (Seikagaku Corporation, 
Tokyo, Japan) was fixed at 15.0 mg/ml based on the results of preliminary 
experiments. The reaction mixture with total volume of 5.0 ml was prepared by 
mixing 500 )il of enzyme solution (15.0 mg /ml), 1.0 ml of diluted bacterial 
suspension (OD 660 approximately equal to 0.9), together with 1.0 ml of sodium 
citrate buffer (50 m M , pH 4.0) and 2.5 ml of distilled water. The reaction mixture 
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was incubated for 2 h at 50°C with gentle shaking. The resulted reaction mixture was 
the enzyme extract used for the assays subsequent of intracellular lichenase and 
cellulose in 2.8.2 and 2.8.3 respectively. 
In order to test and confirm for the efficiency of lysis of bacteria by labiase, the lysis 
percentage was calculated by the following: 
(dO - dt) - (DO - Dt) 
Labiase lysis efficiency = 100% 
d(0 or t) 二 Absorbance at 660mn (A66o)of reaction mixture after 0 or 2 h 
D(0 or t)= Absorbance at 660nm (A66o) of reference mixture after 0 or 2 h 
2.8.2 Endo-1, 3:1，4-p-glucanase (Lichenase) 
The endo-1，3:1, 4-p-glucanase (lichenase) of Bifidobacterium culture was analyzed 
using the Azo-barley P glucan (Megazyme International). 
2.8.2.1 Principle 
This assay procedure was specific for the endo-\, 3:1, 4-B-glucanase activity 
(lichenase) present. Enzyme extract was incubated with Azo-Barley P-glucan 
substrate under defined conditions. The dyed substrate is depolymerised by the 
lichenase present to fragments which were soluble in the presence of precipitant 
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solution. On centrifugation of the precipitant-treated reaction mixture, the absorbance 
of the supernatant solution at 590 nm was directly related to the level of lichenase in 
the extracted culture. The principle of the assay was outlined as the figure below. 
Carboxymethyl, dyed mixed-linkage |i-Glucan 
‘G—*G D 
' G - J G - G D 
会 
CM 
C9A ' G - ( G ) - G - G 
ft » 鲁 4 « 
G G G 
X 會 
Malt |5-9lucanase • 
^ f LEGEND 
+ Precipitant • 
• G = anhydro-glucose units 
D = dye molecule 
— — , , - CM = carboxyrnethyl group 
G • G—G D 
G —G —G CM 
CM G - ( G ) - 6 - G n « 
G ’ G - G -
Solubie, dyed p-glucan fragments …>1) 
Centr i fuge 条 
Measure absorbance at 590 nm 
Fig 2.1 Theoretical basis of lichenase assay employing Azo-barley P-glucan 
(modified from technical information of Megazyme International) 
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2.8.2.2 Preparation of substrate and assay solutions 
The substrate used was Azo-Barley (B-Glucan which was chemically modified in 
order to increase the solubility, and was dye-labeled with Remazolbrilliant Blue R 
(1% w/v) in 0.02 % sodium azide. And it was stored at 0-5 °C between uses and 
heated to 40°C before dispensing. 
Sodium phosphate buffer (100 m M , pH 6.5) was used as the assay buffer. It was 
prepared by dissolving 15.6 g sodium dihydrogen orthophosphate dehydrate 
(NaH2P04.2H20) into 900 ml of distilled water. The pH was then adjusted to 6.5 by 
the addition of approximately 25 ml of 1.0 M sodium hydroxide (40 g/1). Half a gram 
of BSA plus sodium azide (0.2 g) was then added. The final volume was adjusted to 
one litre. And the solution was stored at 4 °C. 
Precipitation solution was prepared by dissolving 40.0 g sodium acetate 
(CH3C00Na.3H20) and 4.0 g zinc acetate in 150 ml distilled water. The pH was 
adjusted to 5.0 with concentrated hydrochloric acid. The volume was adjusted to 
200.0 ml. Eight hundred milliliters of methyl cellosolve (methoxyethanol) was 
finally added to it and mixed well. And the one litre solution was stored in a sealed 
bottle at room temperature. 
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2.8.2.3 Enzyme assay procedures 
Five milliliters aliquots of Azo-Barley p-glucan substrate solution was pipetted into a 
labeled falcon, and was pre-incubated at 40 °C for 5 min. The enzyme extract (details 
refer to section 2.8.1) was pre-incubated at 40 °C for 5 min and 0.25 ml aliquot 
together with 0.25 ml of sodium phosphate buffer (100 m M , pH 6.5) was added to 
each falcon containing 0.5 ml azo-barley glucan substrate. The reaction mixture was 
mixed vigorously and then incubated at 40 °C for exactly 10 min from time of 
addition. At the end of the 10-min incubation period, 3jil of Precipitant Solution was 
added and the tube content was stirred vigorously at the end of the 10 min incubation 
period. The tubes were allowed to stand for 5 min at room temperature and then were 
stirred again. The falcon was then centrifuged at 1,000 x g for 10 m 
The absorbance of 1 ml of the supernatant of each sample was measured at 590 nm 
against distilled water. Reaction Blank was prepared by adding 3.0 ml of the 
Precipitant Solution to 0.5 ml of the Azo-Barley glucan substrate and mixing 
thoroughly; then 0.5 ml of enzyme extract was added, mixed thoroughly, and then 
centrifuged at 1000 x g for 10 min. The absorbance at 590 nm (A590) was measured. 
The activity was calculated by reference to standard curve provided by Megazyme 
International. 
Enzymatic activity (mU/106bacteria且 count) = [(22.5 x A590) x 2 x dilution� 
/number of bacteria ml"^  x 10^  
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2.8.3 Endo-l,4-p-Glucanase (Cellulase) 
The endo-1,4-(3-glucanase (cellulose) of Bifidobacterium culture was analyzed using 
the Azo-CM-Cellulose (Megazyme International). 
2.8.3.1 Principle 
This assay procedure was specific for the endo-1,4-B-D-glucanase activity 
(⑶(ioCellulase) present in cellulase preparations. On incubation of dyed 
CM-cellulose with cellulase, the substrate is depolymerised by an ^ /7(io-mechanism 
to produce low-molecular weight dyed fragments which remain in solution on 
addition of a precipitant solution to the reaction mixture. High-molecular weight 
material is removed by centrifugation and the colour of the supernatant is measured. 
Endo-Cellulase in the assay solution was determined by reference to a standard 
curve. 
2.8.3.2 Dissolution of substrate and preparation of assay solutions 
The substrate was partially depolymerised polysaccharides, CM-Cellulose dyed with 
Remazolbrilliant Blue R to an extent of approximately one dye molecule per 20 
sugar residues. 
Two grams of powdered substrate was added to 80.0 ml of boiling and vigorously 
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stirring water on a hot-plate, magnetic stirrer. The heat was turned off and the slurry 
was keep stirring for approximately 20 min until it became homogeneous. Five 
millilitres of sodium acetate buffer (2 M, pH 4.5) was added and the solution was 
allowed to cool down to room temperature. The pH was adjusted to 4.5 and the 
volume to 100 ml. The dissolute substrate solution was stored at 4 °C between uses. 
The substrate solution was mixed vigorously by shaking the storage bottle. 
Sodium acetate buffer (100 m M , pH 4.6) was used as assay buffer. Six grams of 
glacial acetic acid (1.05 g/ml) was added to 800 ml of distilled water. The pH was 
adjusted to 4.6 by the addition of 5 M (20 g/100 ml) sodium hydroxide solution. The 
volume was adjusted to one litre. 
Precipitation solution which was used to stabilize the short fragment metabolized by 
the cellulase, was prepared by dissolving 40.0 g of sodium acetate trihydrate and 4.0 
g of zinc acetate in 150 ml of demineralised water. The pH was adjusted to 5.0 with 
5 M HCl and the volume was adjusted to 200 ml with demineralised water. Two 
hundred milliliters of this solution were added to 800 ml of 95% ethanol and the 
solution was then mixed well and stored at room temperature in a well sealed bottle. 
2.8.3.3 Enzyme assay procedures 
Two hundred and fifty microliters of enzyme extract (extraction detail refers to 
section 2.8.1) which was pre-equilibrated at 40 °C and 0.25 ml of sodium acetate 
buffer (100 m M , pH 4.6) was added to 0.5 ml of pre-equilibrated substrate solution 
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and was then stirred on a vortex mixer. The reaction mixture was incubated at 40 
for exactly 10 min. The reaction was then terminated by the addition of 2.5 ml of 
Precipitant Solution with vigorous stirring for 10 s on a vortex mixer. The reaction 
was stopped as the high-molecular weight unhydrolysed substrate was precipitated. 
The reaction tubes were allowed to equilibrate to room temperature for 10 min. The 
tube contents was stirred again and centrifuged at 1,000 x g for 10 min. The 
supernatant solution was poured directly into a spectrophotometer cuvette and the 
absorbance of the reaction solutions was measured at 590 nm ( A 5 9 0 ) against the 
reaction blank. The reaction blank used to zero the spectrometer was prepared by 
mixing 2.5 ml precipitant solution with 0.5 ml substrate solution followed by adding 
the 0.5 ml enzyme solution and the mixture was mixed well again. The enzyme 
activity was determined by reference to a standard curve provided by Megazyme 
International. 
Enzymatic activity (mU/lO^bacterial count) = [480 x A590 x 2 x dilution]/ number 
of bacteria ml'^  x 10^  
2.8.4 API® ZYM kit 
2.8.4.1 Principle 
API® Z Y M (BioMerieux SA, France) is a semi-quantitative micro-method designed 
for the research of enzymatic activities. This technique is applicable to all specimens, 
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including microorganisms, cell suspensions, tissues, biological fluids, etc. It allows 
the systematic and rapid study of 19 enzymatic reactions using very small amount of 
samples. The system consists of a strip with 20 microwells (cupules), the base of 
which contains the enzymatic substrate and its buffer. This base allows contact 
between the enzyme and the generally insoluble synthetic substrates which is made 
of non-woven fibers. 
The enzymatic tests are inoculated with a dense suspension of micro-organisms, 
which is used to rehydrate the enzymatic substrates. The metabolic end products 
produced during the incubation period are detected through colored reactions 
revealed by the addition of reagents. The expected results of the reactions are shown 
in Table 2.5. 
2.8.4.2 Specimen preparation 
Five microliters of the fermented culture was centrifuged at 10000 x g for 20 min and 
the supernatant was removed. The cells were washed twice with distilled water. Two 
milliliters of distilled water was added to the sediment left to obtain a suspension 
with a turbidity of 5-6 McFarland using McFarland Standard (ref.70900, BioMerieux 
SA, France). 
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Table 2.5 Reading table for API @ Z Y M kit 
No' Enzyme essayed substrate pH Result* 
Positive Negative 
1 广 ‘ I Colorless or color of Control , , . . . , 
the sample if it has 
an intense coloration 
2 Alkaline phosphatase 2-naphthyl phosphate 8.5 Violet 
3 Esterase (C4) 2-naphthyl butyrate 6.5 Violet 
4 Esterase Lipase (C8) 2-naphthyl caprylate 7.5 Violet 
Colorless 
5 Lipase (CI4) 2-naphthyl myristate 7.5 Violet or very 
pale 
6 Leucine arylamidase L-leucyl-2-naphthylamide 7.5 Orange yellow 
7 Valine arylamidase L-valyl-2-naphthylamide 7.5 Orange 
8 Cystine arylamidase L-cystyl-2-naphthylamide 7.5 Orange 
9 Trypsin N-benzoyl-DL-arginine-2-naphthylamide 8.5 Orange 
10 a-chymotrypsin N-glutaryl-phenyalanine-2-naphthylamide 7.5 Orange 
11 Acid phosphatase 2-naphthyl phosphate 5.4 Violet 
12 Naphthol-AS-BI-phosphohydrolase Naphthol-AS-Bl-phosphate 5.4 Blue 
13 a-galactosidase 6-Br-2-naphthyl-a-D-galactopyranoside 5.4 Violet 
14 p-galactosidase 2-naphthyl-p-D-galactopyranoside 5.4 Violet 
15 p-glucuronidase Naphthol-AS-BI-p-D-glucuronide 5.4 Blue 
16 a-glucosidase 2-naphthyl-a-D-glucopyranoside 5.4 Violet 
17 p-glucosidase 6-Br-2-naphthyl-p-D-glucopyranoside 5.4 Violet 
18 N-acetyl-p-glucosaminidase 1-naphthyl-V-acetyl-P-D-glucosaminide 5.4 Brown 
19 a-mannosidase 6-Br-2-naphthyl-a-D-mannopyranoside 5.4 Violet 
20 a-fucosidase 2-naphthyl-a-L-fucopyranoside 5.4 violet 
* colorless or color of the control if the strip has been exposed to an intense light 
source after addition of the reagents; if the strip has not been exposed to intense light, 
a very pale yellow color is obtained 
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2.8.4.3 Preparation, inoculation and reading of the strips 
An incubation box with a tray and a lid was prepared by distributing 5.0 ml of 
distilled water into the honey-combed wells of the tray to create a humid atmosphere 
The sample reference was recorded on the elongated flap of the tray. The strip was 
removed from the individual packaging and placed in the incubation box. 
Sixty-five microlitres of the prepared specimen was pipetted into each cupules, the 
plastic lid of the incubation box was placed on the tray after inoculation for 4 h at 37 
°C, avoiding sunlight. The time of incubation and temperature was kept constant for 
each sample for purpose of comparison. 
A drop of Z Y M A reagent, which was a surface-active agent, and one drop of Z Y M 
B reagent of which its solubility was enhanced by Z Y M A (Ref. 70472 BioMerieux 
SA France) was added to each of 20 cupules. At least 5 min was given to allow the 
color development afterward by placing the strip in daylight for a few min. 
The results were read and recorded within an hour on the result sheets as provided by 
the kit. A value ranging from 0-5 was assigned corresponding to the colors developed: 
0 corresponded to a negative reaction, 5 to a reaction of maximum intensity and 
values 1，2, 3 or 4 were intermediate reactions depending on the level of intensity, (1 
for 5 nmoles, 2 for 10 nmoles, 3 for 20 nmoles, 4 for 30 nmoles, 5 for reaction of 
max intensity with 40 or more nmoles) while a value of 3, 4 or 5 was considered as 
positive reactions. 
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2.9 Statistical analysis 
Results were expressed as mean values with standard deviations. Data were analyzed 
using one-way analysis of variance (ANOVA) and differences between means of 
different groups were compared by Tukey's multiple comparison as well as student's 
t-test using software SPSS 13.0. Differences were considered as statistically 
significant at p < 0.05 level. Correlationships between various parameters during 24 
h /48 h 112 h in vitro fermentation, including O M D , total SCFA production, 
bifidobacteria count made by FISH or direct microscopic count were analyzed by 
Pearson's test (SPSS 13.0 for windows). 
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Chapter 3 Results and Discussions 
3.1 Growth curves of Bifidobacterium species 
The studying of the characteristics of growth of Bifidobacterium species is important 
for understanding their optimum growth conditions and designing the experimental 
conditions to investigate how their growth can be promoted. 
Bifidobacteria are acid-tolerant microorganisms. The optimum pH for their growth is 
between 6.5 and 7.0 with no growth being recorded at pH lower than 4.5 (only B. 
thermacidophilum has a delayed growth at pH 4.0) and higher than 8.5 (Biavati et al., 
2000). In the present work, all 5 species of bifidobacteria proliferated in the enriched 
medium that was adjusted to their optimum growth pH value (i.e. pH 6.5-7.0). They 
caused a drop in the pH value to a minimum pH 5 in the first 24 h of growth (Fig. 
3.1). This drop was mainly due to the metabolic products generated including short 
chain fatty acids which increase the acidity of the growth medium. The maximum 
drop in pH was observed in B. longum (i.e. from 6.7 to 4.7) (Fig. 3.1). For 
B.adolescentis, B. infantis and B. longum, the pH started to increase after 24 h of 
fermentation. This might be due to the decrease in growth or even death of 
bifidobacteria. As they had reached the stationary or death phase, some other 
metabolic products or even toxic substances which are alkaline in nature might be 
produced in a faster rate than the SCFAs, causing an increase in the pH value. 
However, the pH value for B. breve and B. caternulatum did not increase after 24 h 
of growth (Fig. 3.1). This might be the production rate of acidic products was faster 
































































































































































Like all other bacteria, bifidobacteria reproduce by binary fission which is a kind of 
asexual reproduction. Its growth can be studied through a typical bacterial growth 
curve. When bacteria are grown in a closed system (also called a batch culture), the 
population of cells almost always exhibits these growth dynamics: cells initially 
adjust to the new medium (lag phase) until they can start dividing regularly by the 
process of binary fission (exponential phase) (Tortora et al., 1995; Black et al., 
1996). 
Lag phase is the stage immediately after inoculation of the bacteria into fresh 
medium, the population remains temporarily unchanged. Although there is no 
apparent cell division occurring, the cells may be growing in volume or mass, 
synthesizing enzymes, proteins, RNA, etc., and increasing in metabolic activity. The 
length of the lag phase is apparently dependent on a wide variety of factors including 
the size of the inoculum; time necessary to recover from physical damage or shock in 
the transfer; time required for synthesis of essential coenzymes or division factors; 
and time required for synthesis of new (inducible) enzymes that are necessary to 
metabolize the substrates present in the medium. The lag phase for the 5 species of 
bifidobacteria under study is short (i.e. around 6 h), which reflects that all of them 
can quickly and easily adapted to the R C M (Tortora et al., 1995; Black et al” 1996). 
Exponential or log phase of growth is a pattern of balanced growth wherein all the 
cells are dividing regularly by binary fission, and are growing by geometric 
progression. The cells divide at a constant rate depending upon the composition of 
the growth medium and the conditions of incubation. The exponential phase of the 5 
Bifidobacterium species studied occurred between 6 h to 24 h. The rate of 
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exponential growth of a bacterial culture is expressed as generation time, also the 
doubling time of the bacterial population. Generation time (G) is defined as the time 
(t) per generation (n = number of generations). Hence, G = t/n is the equation from 
which calculations of generation time derive. (Tortora et al., 1995; Black et al” 
1996). 
The generation time of the 5 Bifidobacterium species was shown in table 3.1. For the 
5 species under investigation, B. infantis had the shortest generation time which 
might imply that its growth rate was the fastest in the exponential phase. While B. 
longum had the longest generation time which might imply that it proliferated at the 
slowest rate compared to the other four species. Since they were growing in the same 
anaerobic enriched medium and environmental conditions, the difference in their 
generation time was predicted to be due to the intrinsic factors of the bacterial 
species concerned and their different abilities to survive in the specific medium 
conditions (Tortora et al., 1995; Black et al., 1996). Dubey and Mistry (1996) also 
studied the bifidogenic effect of lactulose and fructooligosaccharides and their 
influence to the generation time of Bifidobacterium species in infant formulae (Table 
3.1). The generation time obtained for the Bifidobacterium species was shorter than 
the ones obtained in the present study (Table 3.1). It is difficult to have a direct 
comparison between them as their conditions used is different, in particular the 
medium used in the previous study was the soy-based infant formulae which might 
be more suitable for the growth of the Bifidobacterium species. However, species 
difference in generation time was observed, even when the same medium and 
condition were used (Table 3.1). 
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Table 3.1 Generation time of the 5 Bifidobacterium species in 48 h anaerobic batch 
culture. 
Generation time /min 
Bifidobacterium species Present study Previous study * 
B. adolescentis 68.5 ± 2.58 N.A.** 
B. breve 96.7 士 3.94 86 
B. caternulatum 86.7 士 1.76 N.A 
B. infantis 59.0 ±1.01 59 
B. longum 111 士 7.90 106 
Data are mean values 土 S.D. (N=3) 
* Dubey & Mistry, 1996 ** not available 
As exponential growth cannot be continued forever in a batch culture (a closed 
system), population growth is limited by one of three factors: 1. exhaustion of 
available nutrients; 2. accumulation of inhibitory metabolites or end products; 3. 
exhaustion of space, in this case called a lack of "biological space". When the 
bacterial growth becomes limited, the cells stop dividing (stationary phase), until 
eventually they show loss of viability (death phase). 
During the stationary phase, if viable cells are being counted, it cannot be determined 
whether the cells are dying and an equal number of cells are dividing, or the 
population of cells has simply stopped growing and dividing. The stationary phase, 
like the lag phase, is not necessarily a period of quiescence. Bacteria that produce 
secondary metabolites after the active stage of growth, such as antibiotics, do so 
during the stationary phase of the growth cycle. 
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And if incubation continues after the population reaches stationary phase, a death 
phase follows, in which the viable cell population declines. During the death phase, 
the number of viable cells decreases geometrically (exponentially), essentially the 
reverse of growth during the log phase. 
The death phase of bifidobacteria could not be clearly observed in Fig 3.2. While the 
stationary phase occured after 24 h of growth in all 5 Bifidobacterium species in the 
present study, the growth rate of the bifidobacteria started to decrease and approach 
their death phase, causing the number of bifidobacteria to be remained constant over 
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3.2 Batch in vitro fermentation using human fecal inoculum 
In vitro fermentation study inoculated with human fecal slurry is one of the most 
useful tools for modeling the ecology and metabolic activities of the human colonic 
bacteria since it counteracts the expensiveness and uncertain toxicology for human 
consumption in human clinical trails and gut anatomy as well as rodent practice 
differences in animal models (Macfarlane et al., 1998). 
3.2.1 Dry matter and organic matter disappearance 
In microbial fermentation system, mostly protein and carbohydrates are utilized to 
release SCFAs as the major products. Carbohydrates are thought to produce more 
desirable products such as SCFAs than protein, which produce nitrogenous 
metabolites, such as phenolic compounds, amines and ammonia, some of these have 
been found to be carcinogenic (Gibson et al., 2003). Since carbohydrates are organic 
matter composed of carbon, hydrogen and oxygen, organic matter disappearance 
(OMD) might be more suitable for the evaluation of the in vitro fermentability than 
dry matter disappearance (DMD), which may contain minerals and other inorganic 
matters that have not been uptaken by the bacteria. 
The dry matter disappearance (DMD) and organic matter disappearance (OMD) 
percentages of all tested substrates after 24-h in vitro fermentation using human fecal 
microflora are presented in Table 3.2. Lactulose was served as the positive control in 
this study since its utilization by the colonic bacteria and especially bifidobacteria 
has been proved (Terada et al., 1992; Modler, 1997; Gibson & Roberfroid, 2006). 
After 24-h in vitro fermentation by human colonic bacteria, trehalose and barley 
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P-glucan (medium viscosity) had similar D M D s (77.55 % & 80.67 %, respectively) 
and O M D s (65.46 % & 75.84 %, respectively) when compared with those of the 
positive control (DMD, 85.97%; O M D , 85.00%). This suggested that trehalose and 
barley P-glucan which escape the digestion and absorption in the upper 
gastrointestinal tract of humans could be fermented as effectively as lactulose by 
endogenous bacteria to give metabolites such as SCFAs and gases in the colon. 
Chitin was the least fermented (p<0.05), having a significantly lower D M D (14.25 %) 
and O M D (16.65 %) than the other three substrates tested. By comparison, barley 
P-glucan reaching the human colon was less fermentable than lactulose but it was 
much more fermentable by colonic bacteria than chitin. 
Table 3.2 D M D and O M D of 24 h in vitro fermentation of different substrates using 
human fecal inoculum 
Dry matter disappearance Organic matter 
(DMD) (%) disappearance (OMD) (%) 
lactulose 86.0 ±9.82' 85.0 ± 1.85' 
chitin 14.3 士 2.2lb 16.7 ± 1.57b 
trehalose 77.6 士 19.8a 65.5 士 6.39a 
barley p-glucan 80.7 士 3.61" 75.8 土 3.10' 
Data are the mean values 土 S.D. (N=3) 
Different letters in the superscripts within the same column indicated significant 
difference among fermentation substrates (p<0.05, one-way ANOVA, Tukey's 
multiple comparison test) 
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3,2.2 Colonic bacterial profile evaluated by FISH with CellC software 
Because the bacterial number is enumerated by microscope, it is difficult to 
distinguish between dead and live bacteria, the number of bifidobacteria as shown in 
Fig 3.4 was the number of bacteria that could be observed under microscope 
regardless of their viability. Historically, the assessment of the microflora growth is 
performed by means of selective culture method (Finegold et al., 1983). The bacterial 
count is determined by multiplying the number of colonies that are developed by the 
degree of dilution. It can distinguish better between live and dead cells. But there are 
two problems using this technique. Firstly, the bacterial count depends on the 
culturability of a bacterial species. For many years it has been explicitly stated by 
several microbial ecologist (Ward et al., 1992) that as long as not all bacteria can be 
cultured it will be impossible to define the microbial composition of the sample. 
Since not all bacteria can be cultured and this would lead to an underestimation of 
the quantitative contribution of certain groups of bacteria. Secondly, selective media 
are not truly “selective,，and certain bacterial species may be counted more than once 
on different "specific “media. This may lead to an overestimation of the quantitative 
contribution of certain genera. So comparing the pros and cons, molecular technique 
Fluorescence In Situ Hybridization (FISH) was chosen. 
3.2.2.1 Total colonic bacteria 
To enumerate the bacteria in the fermentation system, captured fluorescent 
microscopic images were loaded into the CellC software. After analysis, binarized 
images with white cells on dark background for the total as well as the specifically 
stained bacteria in the sample can be automatically produced. In order to examine the 
reliability of FISH for bacterial quantification, DAPI was used counter-stain the 
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samples in addition to the Bac 338 probe (See Fig 3.3). As DAPI was a nucleic acid 
stain, the count by DAPI was generally regarded as the total cell count and thus can 
be used as a validation of FISH. In general, consistent results were obtained in the 
counts made by these two methods. 
Prior to in vitro fermentation (0 h), the total bacterial count detected in the fecal 
inoculum by DAPI staining ranged from7.60 士 1.50 x 10^  to 1.71 士 0.30 x 10^  
microscopic count per g of substrate added. The discrepancies between counts at the 
start were thought to be due to improper hybridization conditions such as 
inappropriate hybridization temperature and/or insufficient incubation time. 
Differences might also be due to the fact that during capturing the image of the 
bacteria the intensity of the fluorescence released was not the same. It might also be 
due to the uneven distribution of microflora within human feces. Therefore, instead 
of focused on the final count, differences of the counts at 0 h and 24 h were 
investigated. The in vitro fermentation of lactulose and trehalose showed a 
significant increase in bacterial count (p<0.05) by 40.20% and 51.01% , respectively 
in 24 h fermentation. Barley P-glucan and chitin also showed an increase in total 
bacterial count by 14.66 % and 6.57 %, respectively although the differences was not 
statistically significant (p > 0.05) (Fig 3.4). 
3.2.2.2 Bifidobacteria! growth 
The increase of the bifidobacteria! population is always one of the targets 
determining the prebiotic effect of potential substrates since the activity of 
bifidobacteria is closely associated with the host's health (Gibons & Roberfroid， 
1995). Two hypotheses have been proposed to explain the beneficial health effects of 
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increasing the populations of bifidobacteria in human colon. First, increase in the 
population of bifidobacteria can prevent intestinal colonization by pathogens in terms 
of competing for nutrients, space and binding sites on the epithelial surface 
(Okamura et al., 1986). Second, they suppress harmful bacteria by controlling pH of 
the large intestine through the production of lactic and acetic acids in fermentation of 
carbohydrates (Gibson & Wang 1994). 
In this experiment, the bifidobacteria count in fecal samples was made by FISH. 
Example of FISH images seen under fluorescent microscopes (details refer to 2.7.1) 
as shown in Fig 3.3, represent the bifidobacteria in the fecal sample as hybridized by 
Bif 164 probe. The increase in bifidobacteria! count in the in vitro system having 
different substrates after 24 h of fermentation is shown in Fig 3.4. Both barley 
P-glucan and trehalose had a bifidogenic effect that significantly (p<0.05) increased 
the bifidobacteria! counts by 44.82 % and 25.86 % after 24 h of fermentation, 
respectively. Lactulose consistently showed a significant selective stimulation 
(i.e.40.56 %) on bifidobacteria! counts (p<0.05) (Fig 3.4) after 24 h in vitro 
fermentation which was consistent with other similar studies (Terada et al, 1992; 
Modler,1997; Rycroft et al., 2001). Arrigoni et al. (2002) even showed that the 
bifidobacteria in fermentation medium which were encountered after hybridization 
with the genus specific probe Im3, continuously increased during the fermentation of 
lactulose in total by a factor of 4.75 within 24 h. Chitin did not promote any 
significant bifidobacteria! growth after 24 h fermentation (-5.24 %) (Fig 3.4). It has 
been show that chitin oligosaccharides might be a prebiotic in that it promoted the 
growth of Bifidobacterium and Lactobacilli species in pure culture (Lee et al., 2002). 
But another study showed that chitin did not increase the number of bifidobacteria in 
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a mixed culture model system (Vemazza et al., 2005) which was consistent with the 
present result. And barley p-glucan even demonstrated a stronger bifidogenic effect 
when compared with lactulose in the present study. 
• 
Fig 3.3 Fluorescent in situ hybridization (FISH) of Bifidobacteria in fecal 
microflora stained with (a) DAPI and (b)hybridized with rRNA-targeted probe 
(Bif 164) after 24 h in vitro fermentation of barley P-glucan using human fecal 
inoculum (4 %) at 37。C under anaerobic condition maintained by Oxyrase 



























































































































































































































































































































































































































3.2.3 SCFA production 
Short chain fatty acids (SCFAs) are intermediates and end products of microbial 
degradation of endogenously and exogenously derived compounds in the 
gastrointestinal tract of all mammalian species. However, the relative importance of 
their production may vary from species to species. Fecal SCFAs represent the net 
sum of digestion, production, absorption, and possible secretion of SCFA throughout 
the gastrointestinal tract. SCFAs are produced through the action of many different 
bacterial species and through many different metabolic pathways. SCFAs including 
mainly acetate, propionate and butyrate are the principal end products during colonic 
bacterial fermentation (Cummings et al., 1987). When there is plentiful of nutrients 
supply, colonic bacteria would have a faster growth rate and result in a higher rate of 
short-chain fatty acid production, causing a marked reduction in the colonic pH 
(Macfarlane & Gibson, 1994). And pH variations, which correlates to SCFA 
production, can be used as an index of fibre fermentation (Guillon et al. 1992 ). 
However, other metabolites like ammonia which is formed during fermentation of 
nitrogenous compounds (Vince et al 1990)，may have limited the pH decrease. This 
suggested that pH on its own should not be used as the only index of fermentability 
but still needs to be taken in consideration (Barry et al., 1995). 
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Table 3.3 Individual and total SCFA production (mmol/g organic matter) after 
24 h in vitro fermentation of lactulose, chitin, trehalose and barley P-glucan 
using 4 % human fecal inoculum 
lactulose 
^SCTA/mmolg"' Total SCFAs acetate propionate butyrate 
Time. 
Ohour 9.22士0.63 6.54±0.68 1.86士0.29 0.82士0.07 一 
24 hours 106士6.77* 82.4士4.45* 11.2士2.83* 12.1 士0.55* 
chitin 
time Total SCFAs acetate propionate butyrate 
Ohour 9.20土 1.07 6.94士0.87 7.04士0.07 0.86士0.12 ‘ 
24 hours 70.8±12.2* 60.4士9.54* 7.04±2.82 3.39±0.61 
trehalose 
time Total SCFAs acetate propionate butyrate 
Ohour 6.47士0.77 4.63±0.67 0.90士0.03 0.94士0.19 ‘ 
24 hours 73.6士 10.2* 58.1 士 12.6* 6.07±2.99 6.18土3.71 
barley p-glucan 
time Total SCFAs acetate propionate butyrate 
Ohour 9.08 土 1.66 7.49士 1.63 0.98±0.03 0.61±0.08 
24 hours 90.9士20.3* 75.9士 13.5* 8.85±3.76 9.41 士0.78 
"^Indicates significant difference from t 二0 (p <0.05, student s t-test, SPSS) 
8 7 
1 ' ^ A ^ _ _ _ _ _ — 
I / I I ‘ ‘ ‘丨...“ ‘ • 義 " … .^.^ W ,^,.,-.-,^  r- .I. —-•--— ‘ “ ‘ ‘ ‘ ” 
• 
1 0 0 一 “ — — ― “ — — … — „ . ... — — — — • “\ 
f _ y = -49.618x +356.5 
g 经80 ——- ： 
2-^60 — ^ ^ —— 
o S 
0乡 
1 : 4 0 ^ ^ ^ ^ 
J 20 ——^^^ 
• 
Q 1 1 1 I I 1 1 1 1 i 
5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6 6.8 7 
pH 
Fig 3.5 Correlation between pH at 0 and 24 h of in vitro fermentation with different 
substrates and the concentration of total SCFAs production 
3.2.3.1 Acetate 
The acetate production of trehalose, chitin and barley P-glucan at 0 and after 24 
hours of in vitro fermentation using human fecal microflora is shown in Table3.3. 
Acetate is the major product in colonic fermentation because the dominant bacterial 
genera in the colon such as bacteroides and bifidobacteria are the acetate producers, 
in which one-third of acetate are formed by the carbon dioxide reduction (Miller and 
Wolin, 1996; Macfarlane and Macfarlane, 2003). All tested substrates had shown a 
significant (p<0.05) increase in the acetate concentration after 24 h in vitro 
fermentation except chitin (Table 3.3). The least extent in change of acetate 
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concentration in chitin fermentation (p > 0.05) might be due to the fact that most 
colonic bacteria in the fecal inoculum could not utilize it as metabolic substrate and 
hence affect acetate production greatly during the fermentation (Vemazza et al., 
2005) 
3.2.3.2 Propionate 
During the 24-h in vitro fermentation, all tested substrates had a little increase in 
propionate concentration but not statistically significant (p > 0.05) (Table 3.3). The 
increase in propionate production might imply that there was a certain extent of 
increase of propionate producers like propionibacteria in the bacterial population by 
the carbon dioxide fixation pathways (Miller & Wolin, 1996). Increase in amount of 
propionate can be of importance from a physiological point of view, since propionate 
may regulate cholesterol synthesis. However, this effect has not been supported by in 
vivo data (Topping, 1995). Propionate could be a metabolite which has originated 
from a second generation of bacteria using the SCFA excreted by bifidobacteria or 
other lactate producing bacteria (Piveteau, 1999). 
3.2.3.3 Butyrate 
Similar to propionate, all tested substrates had an increase in butyrate concentration 
but not statistically significant (p > 0.05) (Table 3.3). This was because most of the 
predominant colonic bacteria such as bifidobacteria and bacteroides groups are not 
butyrate producers, butyrate production is therefore not significant in human fecal 
slurry (Bourriaud et aL, 2002 Duncan et al., 2004; Bourriaud et al., 2005;). Lactate is 
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seldom detected as the principal short-chain fatty acid produced during colonic 
fermentation even with a marked proportion of lactate producers such as 
bifidobacteria. This is because Eubacterium hallii, which accounts for 2 to 3 % of the 
human fecal community as well as Megasphaera, Veillonella and Anaerostipes are 
capable of converting lactate into butyrate in the human colonic system (Harmsen et 
al, 2002; Schwiertz et al., 2002). These might explain the present results that an 
increase in the butyrate production after 24-h in vitro fermentation of the tested 
substrates. Among the short-chain fatty acids, butyrate is the most interesting one 
because it is an important energy source for the colon cells and it controls colonic 
cell growth and differentiation (Cummings, 1995). An increased butyrate 
concentration during human colonic fermentation with different tested substrates 
may provide further beneficial effects to these potent prebiotic candidates. 
3.2.3.4 Total SCFA production 
A reduction in the pH during the 24-h in vitro fermentation of the substrates and 
lactulose was observed (Table 3.4). The greatest drop in pH was found in the positive 
control, lactulose which was 1.55 士 0.11 followed by barley P-glucan (1.49士0.05) 
and trehalose (1.34士0.18), with the least drop being found in chitin (0.31±0.04). 
Table 3.4 pH drop of medium after 24 hours in vitro batch fermentation of chitin, 
trehalose, barley p-glucan and lactulose using 4 % human fecal inoculum 
drop in pH 
Lactulose 1.55±0.11 
Chitin 0.31 ±0.04 
Trehalose 1.34 士 0.18 
barley p- glucan 1.49 土 0.06 
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During the 24-h in vitro fermentation, lactulose produced the highest concentration 
of total short-chain fatty acids followed by barley P-glucan, trehalose and chitin 
(Table 3.3). The lowest amount of short-chain fatty acid production by chitin could 
be explained by its low fermentability as shown in the D M D and O M D values in 
table 3.2. Chitin was the least fermentable substrates by the human colonic bacteria, 
thus the production of the fermentation end-products (SCFAs) as well as the 
reduction of the pH would be less than the other more fermentable substrates in this 
study. In general, the results of total SCFAs production of the tested substrates were 
consistent with their fermentability in terms of O M D (Table 3.2 and Table 3.3). 
The correlation between pH of the fermentation medium at 0 and 24 h of in vitro 
fermentation with different substrates and the concentration of total SCFAs 
production is shown in Fig 3.5. It shows that the SCFAs production was inversely 
proportional to the pH value; the more the SCFAs were produced, the lower the pH 
value of the medium. 
In general, the results of total SCFAs production were consistent with those of 
fermentability in terms of D M D and O M D , and the increase in number of 
bifidobacteria. The correlation (Pearson, 2-tailed, SPSS) between increase in number 
of bifidobacteria and various parameters is shown in Table 3.5. The increase in 
number of bifidobacteria is highly correlated with O M D (correlation coefficient: 
0.957, p<0.01) which represents the fermentability of the substrates. It means that the 
higher the fermentability of the substrate, the larger stimulating effect on the growth 
of bifidobacteria. And the high correlation of increase in number of bifidobacteria 
with total SCFAs production (correlation coefficient: 0.662, p<0.05) implies that the 
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growth of bifidobacteria increase the level of SCFAs in the fermentation medium. 
Moreover, the large correlation coefficient with pH drop (correlation coefficient: 
0.942, p<0.01) of the fermentation medium indicates that the pH drop might be 
caused by the increase in bifidobacteria number that generate SCFAs in the 48 h 
fermentation. 
Table 3.5 Correlation between increase in number of bifidobacteria with, OMD， 
D M D , pH drop in 24 h and total SCFAs (sum of acetate, propionate and butyrate) 
production during 24 h in vitro fermentation 
D M D (%) O M D ( % ) pH drop Total SCFA 
Increase in no. of 0.026* 0.000 0.000 0.019 
bifidobacteria (0.638)** (0.957) (0.942) (0.662) 
*Figures are p values of correlation test (Pearson, 2-tailed) between two parameters 
and correlation is significant at the 0.01 level (Bolded in black). 
** Figures in parenthesis represent the correlation coefficient. 
3.2.3.5 Molar ratio of SCFAs 
In general, acetate, propionate and butyrate are produced in an approximate molar 
ratio of 12:5:3, but this can vary depending upon the nature of carbohydrates being 
fermentated (Cummings & Englyst，1987). The molar ratio of the three major SCFAs 
found in humans is thus greatly influenced by dietary intake of carbohydrates. 
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Table 3.6 Molar ratio of acetate, propionate and butyrate (A:P:B) at 0 h and 24 h by 
in vitro fermentation of lactulose，trehalose，chitin and barley P-glucan using 4 % 
human fecal inoculum 
time Lactulose Trehalose Chitin Barley 
P-glucan 
A:P:B A:P:B A:P:B A:P:B 
T h S T ^ ^ ^ 
24 h 7:1:1 10:1:1 18:2:1 9:1:1 
In this project, different carbohydrates were subjected to in vitro fermentation using 
human fecal innoculum, resulting in different amounts of SCFAs being produced. 
The molar ratio of the three major SCFAs after 24 h in vitro fermentation also 
differed in each substrates as shown in table 3.4. Firstly, at 0 h, the molar ratio for the 
three major SCFAs in all cases was approximately the same, which was about 8:2:1 
(Table 3.6). However, this ratio at 0 h was not appropriate to be taken as the 
reference value since all the individual SCFAs were indeed at very low level. The 
molar ratio changed after 24 h in vitro fermentation and the proportion of acetate 
increased in all substrates tested except that of lactulose (Table 3.5). And the greatest 
increase in proportion of acetate was observed in chitin, which was increased from 
8:1:1 to 18:2:1 in ratio of acetate: propionate: buiyrate. This might due to the fact 
that all three kinds of SCFAs did not increase significantly in the fermentation of 
chitin, especially the levels of propionate and butyrate. It was thought that the molar 
ratio of SCFA largely depended on the type of carbohydrate fermented. In the present 
result, the average molar ratio observed in the case of barley P-glucan (9:1:1) was 
comparable to that of lactulose (7:1:1) while that of chitin (18:2:1) and trehalose 
(10:1:1) were quite different. Acetate was found to be in the highest proportion in all 
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substrates. This might be due to the different chemical structures of the tested 
substrates, including their monsaccharide constituents as well as linkages. 
Meanwhile, the molar ratio of SCFAs in the fermentation medium of all the tested 
substrates except chitin was not greatly altered. 
Another study by Roel et al. (2006) suggested that the specific rate of sugar 
consumption played an important role in the ratio of the final metabolites produced, 
as previously shown for a strain of the lactic acid bacterium Lactocuccus lactis 
(Garrigues et al, 1997). If bifidobacteria consume the energy source fast, larger 
amounts of lactic acid and relatively smaller amount of acetic acid, formic acid, and 
ethanol would be produced. If the energy source is consumed slowly, less lactic acid 
is produced and more acetic acid, formic acid, and ethanol are produced. It proved 
that the production of formic acid, acetic acid and ethanol by bifidobacteria through 
dissipation of pyruvate (Roel et al., 2004; Roe; et al., 2006). In present study, the 
large ratio of acetate might be due to the slow consumption rate of barley P-glucans. 
In general , there are several factors related to the specific sugar consumption rate, 
such as the sugar uptake systems and the conversion necessary to incorporate a 
specific sugar into the fructose-6-phosphate pathway, can have great effects by which 
metabolic route is used (Krzewinski et al” 1996; Caescu et al., 2004). Roel et al. 
(2006) found out that B. longum BB536 had almost the same specific rate of sugar 
consumption on fructose and on lactose, although the amounts of ratios of the end 
products differed, proved that the specific sugar consumption rate was not the only 
determining factor. Other factors can be also important, such as the amount or the 
regulation of the production of related enzymes, as has been reported for L. lactis 
(Melchiorsen et al., 2002). Although it is still not clear how sugar metabolism is 
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controlled in bifidobacteria and other lactic acid bacteria like lactobacillus, this 
metabolism is certainly regulated by a complex interaction of different factors 
(Neves et al., 2003). 
3.3 In vitro fermentation of barley p-glucans with different molecular weight 
using pure culture of Bifidobacterium species 
The bifidogenic effect of barley P-glucan using fecal inoculum was confirmed in the 
previous section (3.2). In order to further study the factors affecting the bifidogenic 
effect, including the species difference and the molecular weight of the substrates, 
five different Bifidobacterium species (i.e. B. adolescentis, B. breve, B. catenulatum, 
B. infantis, B. longum) that are commonly found in human colon were used as the 
pure culture inocula for three commercial pure barley (3-glucans with different 
molecular weight (i.e. high: 327000; medium: 260000; low: 137000) were used as 
substrate to evaluate how the molecular weight or the degree of polymerization affect 
the bifidogenic effect. 
Unlike the previous studies, where complex undefined media were used, a synthetic 
medium was used here to compare the behavior of bifidobacteria on barley p-glucan, 
based on the different species used and the molecular weight of barley p-glucan. Pure 
culture experiments were conducted to reveal difference in the growth and 
degradation kinetics of Bifidobacterium species as well as the activity and location of 
the enzymes involved in the fermentation. To monitor the trend and characteristics of 
bifidogenic effect, an extended 48-h in vitro fermentation experiments of the three 
barley p-glucans together with lactulose as positive control by the 5 Bifidobacterium 
species were carried out. The fermentation medium was sampled at regular time 
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interval during a 48-h period to have a closer study of the dry matter disappearance 
(DMD) and organic matter disappearance (OMD); the pH change at every 24 h 
interval was measured; the growth of bifidobacteria was monitored by optical density 
change and the profile of SCFAs production was analyzed by gas chromatography at 
every 12 h interval. 
3.3.1 Dry matter and organic matter disappearance 
Fig 3.6 and 3.7 shows the D M D and O M D of the barley p-glucans and lactulose 
fermented by 5 species of Bifidobacterium species. All barley P-glucans tested were 
fermented to different extent. Generally speaking, the higher the O M D , the more the 
P-glucan was fermented and thus the higher was its in vitro fermentability. 
The D M D of all tested P-glucans were smaller than that of the positive control 
laculose (Fig 3.6). The D M D of low M W barley P-glucan (for B. adolescentis: 77.8 士 
2.80 %; B. breve: 79.8 士 4.17 %; B. catenulatum: 75.5 士 3.2 %; B. infantis 86.0 士 
1.24 %; B. longum 82.6 % 士 3.26 %) was not significant different (p > 0.05) when 
compared to that of lactulose (for B. adolescentis: 79.0 士 3.72 %; B. breve: 78.5 士 
9.37 o/o; B. catenulatum: 81.7 ± 11.1 %； B. infantis 87.1 士 1.40 %; B.longum 90.1 % 
士 7.67 %) in all tested Bifidobacterium species. The D M D of high M W barley 
P-glucan incubated with B. adolescentis (33.1 士 3.85 %), B. breve (48.3 士 13.8 %) 
and B. catenulatum (35.0 士 2.68 %) was found to be significantly different (/7<0.05) 
from that of lactulose. Similar as D M D , O M D of all tested P-glucans were smaller 
than that of the positive control lactulose (Fig 3.7). However besides B. longum, the 
O M D of lactulose (for B. adolescentis: 72.2土7.75 %; B. breve: 75.2 士 9.60 %; B. 
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catenulatum: 75.2 士 1.78 %; B. infantis 78.0 士 4.66 %) was not significantly different 
(p<0.05)when compared with that of low molecular weight barley P-glucan (for B. 
adolescentis : 7 1 . 7 士 8 . 2 0 % ; B. breve : 7 5 . 4 士5.62 % ; B. catenulatum 7 4 . 6 士 1 . 5 7 % ; 
B. infantis: 73.2 士 7.21 %). This implied that the fermentation of low molecular 
weight p-glucan by B. adolescentis, B. breve, B. catenulatum and B. infantis was 
comparable to that of lactulose. A trend was observed in these 4 Bifidobacterium 
species was that the lower the molecular weight of barley P-glucan, the higher was its 
utilization. On the contrary, for B. longum, the O M D of high M W barley P-glucan 
(79.4 士 10.6 %) was significantly higher (p<0.05) than that of the low M W one (53.7 
士 2.59 %). This implied that B. longum could utilize high molecular weight barley 
P-glucan better than the low M W one. Therefore, it may be concluded that even 
within the same genus, Bifidobacterium species has different preference on and 
utilization of barley P-glucans with different molecular weight. 
Nowadays, relatively very little is known regarding the influence of the degree of 
polymerization or molecular weight of polysaccharides on fermentation capability. A 
single in vitro study on three Bifidobacterium strains suggested that polysaccharides 
with shorter chains were fermented at a higher rate than longer ones which resulted 
in a higher biomass yield (Perrin et al., 2002). Another study by Maddalena et al. 
(2005) also showed that fructo-oligosaccharides with lower degree of polymerization 
were well-fermented by 55 Bifidobacterium strains isolated from human feces while 
only 8 strains proliferated when inulin with higher DP was used as carbon source. In 
the present study, four (i.e. B. adolescentis, B. breve, B. catenulatum and B. infantis) 
































































































































































































































































































































































































































































































































































































3.3.2 Evaluation of bifidobacteria! growth by optical density (OD) 
Growth on barley p-glucans with different molecular weight and lactulose was 
analyzed for 5 Bifidobacterium species by measuring the ODeoo and the pH change 
throughout the 48 h of anaerobic fermentation. 
The pH of the medium of the 5 Bifidobacterium species fermenting the lactulose and 
barley P-glucans dropped due to their metabolic products, mainly SCFAs 
(Fig 3.8-3.12). At time 0 h, all 5 Bifidobacterium species grew in medium with pH 
6.8, but the trend of pH decrease during the 48 h period was different. B. breve (Fig 
3.9) and B. longum (Fig 3.12) caused the pH of the fermentation medium with 3 
barley P-glucans to have a mild drop (for B. breve with high M W : 0.74 士 0.13, 
medium M W : 0.62 ± 0.04, low M W : 0.56 士 0.05 ； for B. longum with high M W : 0.36 
士 0.05, medium M W : 0.92 士 0.04，low M W : 0.42 土 0.08) in the time interval 
between 0 hand 24 h. There was an increase in the pH at the next 24 h observed (for 
B. breve with high M W : 6.38 士 0.14, medium M W : 6.43 土 0.23，low M W : 6.36 ± 
0.06 at time 48 h; B. longum, high M W : to 6.35 士 0.15, medium M W : 6.52 ±0.16, 
low M W : 6.40 士 0.16). However, the two species fermented lactulose continuously 
throughout the 48 h and caused the pH to drop continuously (B. breve: pH 6.69 士 
0.02 at 0 h to 6.02 士 0.38 at 24 h to 4.38 士 0.13 at 48 h; B. longum: 6.69 士 0.02 at 0 h 
to 6.47 士 0.04 at 24 h to 5.09 ±0.17 at 48 h). 
For B. catenulatum (Fig 10) and B. infantis (Fig 3.11), they caused a continuous 
decrease in pH throughout the 48 h period when fermenting with barley P-glucans 
(for B. catenulatum with high MW: 6.64 士 0.03 to 6.38 土0.13 to 6.14 土 0.06, medium 
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M W : 6.65 士0.06 to 6.15 士 0.15 to 6.26 士 0.04, low M W : 6.68 士 0.01 to 6.35 士 0.03 
to 6.12 士 0.10; for B. infantis with high M W : 6.44 ± 0.09 to 6.38 士 0.20 to 6.09 士 
0.15, medium M W : 6.43 士 0.08 to 6.55 士 0.10 to 6.12 士 0.05, low M W : 6.50 士 0.04 
to 6.40 士 0.04 to 6.06 士 0.06) and lactulose (for B. catenulatum : 6.64 士 0.02 to 6.08 
士 0.04 to 5.37 士 0.04 ； B. infantis: 6.43 士 0.06 to 6.42 士 0.13 to 5.9 士 0.11). And the 
extent of the pH drop was similar in B. breve, B. longum, B. catenulatum and B. 
infantis fermenting the barley P-glucans, with the largest drop in pH being caused by 
lactulose. 
In B. adolescentis (Fig 3.8), there was a different trend of pH change for different 
barley P-glucans. For medium and low molecular weight barley P-glucan, B. 
adolescentis caused the largest drop (0.67 士 0.09 and 1.04 士 0.05) at the first 24 h 
interval and then there was an increase at 48 h (medium M W : to pH 6.25 ±0.14, low 
M W : to pH 6.24 士 0.14) (Fig 3.8). But the pH of the fermentation medium with high 
molecular weight barley P-glucan (from 6.41 士 0.02 to 6.29 士 0.13 to 5.86 士 0.13) 
and lactulose (6.46 士 0.15 to 6.21 士0.02 to 5.78 士 0.13) continued to decrease 
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Fig. 3.8 pH change of the fermentation broth during 48 h in vitro fermentation using 
pure culture of B. adolescentis 
Data are the mean value 士 S.D. (N=3). 
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Fig. 3.9 pH change of the fermentation broth during 48 h in vitro fermentation using 
pure culture of B. breve 
Data are the mean value 士 S.D. (N=3). 
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Fig. 3.11 pH change of the fermentat ion broth during 48 h in vitro fermentat ion using 
pure culture of B. infantis 
Data are the mean value 土 S.D. (N=3). 
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Fig. 3.12 pH change of the fermentation broth during 48 h in vitro fermentation using 
pure culture of B. longum 
Data are the mean value 士 S.D. (N=3). 
O D measurement is one of the simplest nondestructive ways of evaluating bacterial 
growth, the result can be obtained more rapidly when compared with microscopic 
count, and it is especially convenient in evaluating large numbers of bacteria in clear 
liquid broths and with large amount of growth data. In the present study, it was 
assumed that the turbidity of the medium was directly proportional the number of 
bifidobacteria present in the medium. Growth of bifidobacteria was evaluated in 
terms of optical density at 600 nm (OD600) and the generation time (Table 3.7) during 
a fermentation period of 48 h. These results are presented in Fig 3.13 - 3.17. 
The OD600 of the fermentation broth of all 5 Bifidobacterium species continued to 
increase in the 48 h time interval. The largest increase was observed between the 12 
h to 24 h interval in B. adolescentis, B. breve, B. catenulatum and B. longum before 
level off (Fig 3.13-3.15, 3.17). B. infantis had its largest increase in OD600 later 
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between 24 h and 36 h (Fig 3.16). It was observed that B. adolescentis, B. breve and 
B. longum exhibited the higher capacity to grow in the barley (3-glucans (Fig 3.13 -
3.17). 
2.5 � -
/ / ^ ^ blank 
/ / T lactulose 
0.5 — high MW barley /3 glucan — j 
/ y - X - med MW barley /3 glucan 
i ^ W / - * - low MW barley /3 glucan 
0 "•‘ __. ‘ ‘ ‘ ‘ ‘ ‘ ‘ 
0 5 10 15 20 25 30 35 40 45 50 
lime/hr 
Fig. 3.13 OD600 change during 48 h in vitro fermentation using pure culture of B. 
adolescentis 
Data are the mean value 士 S.D. (N=3). 
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Fig. 3.14 OD600 change during 48 h in vitro fermentation using pure culture of B. 
breve 
Data are the mean value 士 S.D. (N=3). 
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Fig. 3.15 OD600 change during 48 h in vitro fermentation using pure culture of B. 
catenulatum 
Data are the mean value 士 S.D. (N=3). 
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Fig. 3.16 OD600 change during 48 h in vitro fermentation using pure culture of I 
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Data are the mean value 土 S.D. (N=3). 
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Fig. 3.17 OD600 change during 48 h in vitro fermentation using pure culture of B. 
longum 
Data are the mean value 士 S.D. (N=3). 
A broad, representative spectrum of human strains was used in the present study, 
taking into account the species in infants such as B. infantis and B. breve and adults 
such as B. adolesctnis’ B. catenulatum and B. longum and to show a real potential of 
human strains of Bifidobacteria alone to utilize barley P-glucans of different degree 
of polymerization. In the present study, B. adolescentis, B. breve, B. catenulatum and 
B. infantis prefer barley p-glucans with a lower molecular weight than the higher one, 
while B. longum prefers higher M W barley P-glucan than the lower one. With respect 
to the complex carbohydrate fermentation in bifidobacteria, it was found that most of 
290 strains, belonging to 29 species of Bifidobacterium genus, were able to ferment 
D-galactosamine, D-glucosamine, amylose and amylopectin (Crociani et al., 1994). 
B. bifidum and B, infantis were the only species able to ferment D-glucuronic acid， 
whereas B. longum strains were able to ferment arabinogalactans, arabic and ghatti 
gums. Finally, B. breve, B. infantis and B. pseudocatenulatum, were able to ferment 
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a-L-fucose. It showed that the diverse capacity of carbohydrate catabolism between 
the different species of the Bifidobacterium genus，which could be related to the type 
of ecological niche that each species colonize (Crociani et al., 1994). The different 
preference in the five Bifidobacterium species in the present study implies that 
different stages of life in humans might require different kinds or modified chemical 
properties of prebiotics to enhance health. The successful colonization of the 
gastrointestinal tract in infants and the slowing down of immunosenescence in the 
elderly require different approaches of applying the prebiotics (Lesourd and Meaume, 
1994; Marini et al., 2003; Miniello et al., 2003). 
There are several possible explanations why a preferential metabolism of the shorter 
chain polysaccharies was observed for most Bifidobacterium species under study 
(Van et al., 2004), while only B. longum did not display such a preferential 
metabolism in this in vitro setup. It may be due to the expression and localization of 
the enzyme responsible for the carbohydrate degradation (Gibson et al., 1994; 
Imamura et al., 1994; Perrin et al., 2001; Ehrmann et al., 2003). Bezkorovainy (1989) 
suggested that the enzymes of the bifidus pathway are not expressed to the same 
levels in all Bifidobacteria species and this could account for differences in utilizing 
different M W barley P-glucans within the genus. Therefore the extent of the 
degradation of non-digestible carbohydrates depends on the type of bacterial flora 
inoculated (Heredia et al” 2002). The poorer fermentation of larger molecular weight 
(i.e. longer chain length) of barley p-glucan observed in B. adolescentis seemed to be 
contradictory to its known bifidogenic effect in vivo (Maddalena et al.，2005). 
However, the fermentation of oligo- and polysaccharides mimicking colonic 
conditions in the previous study was the result of a complex sequence of metabolic 
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pathways carried out by numerous species and not by a single species as done in the 
present work. 
3.3.3 Time course study of SCFAs production 
3.3.3.1 Total and individual SCFAs (Acetate, Propionate and Butyrate) 
production 
Total SCFA produced during in vitro fermentation using pure bifidobacteria! 
inoculum is referred to the amount of the three major SCFAs (acetate, propionate and 
butyrate) produced (Gibson et al., 2003). A time course SCFA production was 
studied and the results showing the rate of increase in SCFAs are shown in Fig 3.19-
3.23 and the quantities of SCFAs are shown in Fig 3.18 and Table 3.8- 3.12. Total 
and individual SCFAs were calculated as the difference between the SCFA 
concentration (mmol/g original organic matter of the tested P-glucans and that of the 
blank and lactulose at a specific time interval (Oh, 6h, 12h, 24h, 36h, and 48h). The 
production of total and individual SCFAs at different time intervals could be used to 
illustrate the rate of in vitro fermentation during the incubation period. 
Very low and negative values of SCFAs (Table 3.8 -3.12) were observed in some 
cases, most probably at the beginning of fermentation. This situation implied that the 
SCFA levels in the sample fermentation broths of the substrates were lower than 
those of the blank. At the beginning of the fermentation, levels of individual as well 
as total SCFAs were indeed similar，and the negative values were usually small. The 
rate of production of SCFAs during fermentation was not high enough to cover its 
utilization by fecal microflora in energy metabolism, resulting in very small values in 
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individual SCFAs at the beginning of the fermentation. Propionate in the 
fermentation broth of the B. adolescentis, B. breve, B. catenulatum and B. infantis 
incubated with lactulose and the three M W barley P-glucan was not detected in the 
first 36 h fermentation period, and just a low level of propionate (average: 0.01 士 
0.00 mmol/g ) was detected in 48 h. The level of propionate accumulated to a 
detectable level (0.01 士 0.00 mmol/g) faster in the fermentation broth of B.longum 
incubated with lactulose and three M W barley P-glucans at 36 h fermentation time. 
However, the only significant increase (0.04 士 0.02 mmol/g) (p<0.05) in level of 
propionate was observed in the fermentation broth of B. breve incubated with low 
M W barley P-glucans between fermentation time 36 h and 48 h. 
Although all five bacterial species were from the same genus Bifidobacteria, but the 
amount and rate of total and individual SCFAs production were different from 
species to species (Fig 3.19-3.23). B. adolescentis produced significantly (p<0.05) 
larger amount of total SCFA (in high M W : 1.93 ±0.34 mmol/g; medium M W : 2.88 士 
0.17mmol/g; low M W 2.97 士 0.14 mmol/g) and acetate (in high M W : 1.91 士 0.33 
mmol/g; medium M W : 2.85 土 0.17 mmol/g ； low M W : 2.92 土 0.14 mmol/g) after 48 
h fermentation when grew with all 3 barley P-glucans (Table 3.8) . In B. breve, it 
produced significantly (p < 0.05) larger amount of SCFA (high M W : 0.83 土 0.008 
mmol/g; medium M W : 1.03 士 0.05 mmol/g; low M W : 1.27 士 0.08 mmol/g) and 
acetate (high M W : 0.81 士 0.04mmol/g; medium M W : 1.01 士 0.05 mmol/g; low M W 
1.24 士 0.19mmol/g) after 36 h fermentation when grew with all 3 barley P-glucans 
(Table 3.9). B. catenulatum produced significantly (p<0.05) more total SCFAs 
(medium M W : 1.02 士 0.15 mmol/g; low M W : 1.12 土 0.14 mmol/g) and acetate 
(medium M W : 0.88 士 0.02 mmol/g; low M W : 0.99 士 0.14 mmol/g) in fermenting 
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medium and low molecular weight barley P-glucans after 48 h (Table 3.10). B. 
infantis, significant increase (p<0.05) of total SCFAs (1.03 士 0.07 mmol/g) and 
acetate (1.02 士 0.03 mmol/g) only was observed in B. infantis when fermenting with 
low molecular weight barley P-glucan after 48 h (Table 3.11). On the other hand, B. 
longum produced significantly (p<0.05) larger amount of total SCFAs (high M W : 
2.08 士 0.26 mmol/g; medium M W : 1.78 士 0.20 mmol/g) and acetate (high M W : 2.04 
士 0.17mmol/g; medium M W : 1.75 士 0.20 mmol/g) when fermented with high and 
medium molecular weight barley P-glucans after 48 h (Table 3.12). 
The level of butyrate and propionate in the fermentation broth of the 5 
Bifidobacterium species incubated with lactulose and the three barley P-glucans was 
significantly lower (p<0.05) than that of acetate (Table 3.8 -3.12). The level of 
butyrate in the fermentation medium of 5 Bifidobacterium species incubated with all 
substrates was low (average 0.01 士 0.00 mmol/g) (p<0.05) throughout the 48 h 
fermentation period. Significant increase (p<0.05) (increased 400% to 0.04 士 0.00 
mmol/g) in level of butyrate after 48h was observed only in the fermentation medium 
in which B. infantis incubated with low M W barley P-glucan and B. longum 
incubated with high M W barley P-glucan. 
These observations matched with the results of pH and OD600 change in section 3.3.2. 
It seems that B. adolecentis, B. breve, B. catenulatum and B. infantis could ferment 
barley P-glucans of lower molecular weight better, resulted in higher O M D , more 
decrease in pH and increase in ODeoo as well as higher total SCFAs production. The 
exception was found in B. longum which could ferment barley P-glucans of higher 
molecular weight more effectively. 
Ill 
The fermentability of the substrates and the SCFA production profiles were different 
for the 5 Bifidobacterium species investigated. It has recently been demonstrated that 
substrate utilization is highly variable among members of the Bifidobacterium genus 
and that there are considerable inter-species and inter-strain differences (Hopkins et 
al” 1998). The study by Vemazza et al. (2006) had shown that the maximum growth 
rates of 2 selected Bifidobacterium species {B. adolescentis DSM20083, B. infantis 
DSM20088) were different when fermented with low and high M W inulin. B. 
adolescentis showed a preference for low M W inulin by having a higher maximum 
growth rates (0.235 土 0.013 h]) than high M W one (0.066 士 0.002 h"^ ). While B. 
infantis showed higher maximum growth rate on high M W inulin (0.224 士 0.008 h'') 
than low M W one (0.034 士 0.004 h"^ ). It is likely that individual Bifidobacterium 
species respond in different ways to different carbon sources, depending upon their 
ability to utilize the substrates added to the cultures (Shape et aL,2001) which might 
depend on the characteristics of the substrates (i.e. molecular weight in this study). 
Acetate production accounts for over 90% of total SCFAs production in all 
Bifidobacterium species with all substrates. Acetic acid is the predominant metabolite 
produced by Bifidobacteria. The increased production of acetic acid may be at the 
expense of lactic acid which was always high in the early stage of fermentation 
(Ballongue, 1998), due to the switch of metabolism of bifidobacteria at lower growth 
rates to obtain a higher amount of ATP per mole of sugar consumed (Marx et al., 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3.7 SCFA profile of in vitro fermentation of barley P-glucans with different 
molecular weight and lactulose at 0, 12，24, 36, 48 h using pure culture of B. 
adolescentis. 
lactulose 
S ^ ^ ^ ^ h 0 12 24 36 48 
mmolg-i 
total 0.02 士0.00 0.19士0.03 0.28±0.03 1.54士 0.11* 4.88±0.18* 
acetate 0.01 土0.00 0.18±0.03 0.27士0.03 1.42±0.07* 4.81±0.17* 
butyrate 0.01 士0.00 0.01±0.00 0.01±0.00 0.02±0.00 0.02±0.00 
propionate 0 0 0 0 0.06士 0.01 
High molecular weight barley P-glucan 
0 12 ^ ^ 48 
t ^ 0.09 士 0.01 0.19±0.03 0.18±0.02 0.59士 0.14 1.93 土 0.34* 
acetate 0.09 士0.02 0.19±0.03 0.18士0.03 0.58士 0.13 1.91±0.33* 
butyrate 0.01 士0.00 0.01 士0.00 0.01±0.00 0.01 士0.00 0.01±0.00 
propionate 0 0 0 0 0.01 士 0.00 
Medium molecular weight barley p-glucan 
0 12 ^ ^ 48 
t ^ 0.11±0.02 0.16±0.01 0.18士0.06 0.91±0.15 2.87±0.17* 
acetate 0.11±0.02 0.15士 0.01 0.14±0.02 0.91 士0.15 2.85士 0.17* 
butyrate 0.01 士0.00 0.01 士0.00 0.01 士0.00 0.01 士0.00 0.01 士 0.00 
propionate 0 0 0 0 0.02±0.01 
Low molecular weight barley p-glucan 
0 12 ^ ^ 48 
t ^ 0.16±0.03 0.29士0.00 0.28士0.08 1.02±0.202.97±0.14* 
acetate 0.16 士0.03 0.29士0.00 0.27士0.03 1.00士0.20 2.91 土 0.14* 
butyrate 0.01 士0.00 0.01±0.00 0.01 士0.00 0.02±0.00 0.02±0.00 
propionate 0 0 0 0 0.03士 0.01 
Data are the mean value 士 S.D.(N=3) 
"^indicate significant difference of total SCFAs and acetate production between means 
at different time internal compared with time zero (student 's t-test, p<0.05) 
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Table 3.8 SCFA profile of in vitro fermentation of barley P-glucans with different 
molecular weight and lactulose at 0, 12, 24, 36, 48 h using pure culture of B. breve 
Lactulose 
time/h 
S C F ) ^ 0 12 24 36 48 
total 0.13±0.03 0.14士0.03 0.99士 0.15* 0.98 士 0.13* 1.22 士 0.12* 
acetate 0.12 土0.03 0.14士0.03 0.98士 0.22* 0.97 土0.22* 0.20土 0.04* 
butyrate 0.01±0.00 0.01 士0.00 0.01 士0.00 0.02士0.00 0.02士 0.00 
propionate 0 0 0 0 0.02士 0.00 
High molecular weight barley p-glucan 
0 12 ^ 36 48 
^ 0 . 0 7 士0.02 0 . 0 7士0.0 3 0.24士 0 . 0 5 0 . 8 3 士 0 . 0 8 * 0 . 6 8 士 0 . 0 3 * 
acetate 0.06±0.01 0.07 士0.03 0.23士0.05 0.81 土0.04* 0.66±0.03* 
butyrate 0.01 士0.00 0.01 士0.00 0.01 士0.00 0.01 士0.00 0.01±0.00 
propionate 0 0 0 0 0.01 士 0.00 
Medium molecular weight barley p-glucan 
0 12 Ya ^ 48 
^ 0 . 0 4 ± 0 . 0 1 0 . 0 8 士0.02 0.34士 0. 1 1 1 . 0 3 ± 0 . 0 5 * 0 . 8 2 士 0 . 0 6 * 
acetate 0.03±0.01 0.07±0.02 0.33士 0.11 1.01 士 0.05* 0.81 士 0.05* 
butyrate 0.01±0.00 0.01 土0.00 0.01 士0.00 0.01 士0.00 0.01±0.00 
propionate 0 0 0 0 0.01 士 0.00 
Low molecular weight barley p-glucan 
0 12 ^ ^ 48 
^ 0 . 0 7 士 0 . 0 1 0 . 0 7 士0.04 0.36士 0. 1 1 1 . 2 7 士 0 . 0 8 * 1 . 1 6 ± 0 . 1 1 * 
acetate 0.06±0.02 0.07士0.04 0.35土 0.11 1.24±0.19* 1.07 士 0.15* 
butyrate 0.01±0.00 0.01 士0.00 0.02±0.00 0.02士0.00 0.02土 0.00 
propionate 0 0 0 0.04士0.02 0.08士 0.04 
Data are the mean value 士 S.D.(N=3) 
"^indicate significant difference of total SCFAs and acetate production between means 
at different time internal compared with time zero (student 's t-test, p<0.05) 
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Table 3.9 SCFA profile of in vitro fermentation of barley P-glucans with different 
molecular weight and lactulose at 0, 12, 24, 36, 48 h using pure culture of B. 
catenulatum 
lactulose 
S ^ ^ ^ e Z h 0 12 24 36 48 
/mmolg' 
total 0.05±0.01 0.14 士 0.01 0.88 士 0.16 1.48 士 0.18* 1.71 士 0.02* 
acetate 0.05 士 0.01 0.13 士 0.01 0.87 士 0.16 1.40 士 0.19* 1.55 士 0.03* 
butyrate 0.01 士0.00 0.01 士0.00 0.01 土0.00 0.01 士0.00 0.02士 0.00 
propionate 0 0 0 0 0.03土 0.04 
High molecular weight barley p-glucan 
0 12 ^ Ye 48 
^ 0.03±0.00 0.04士 0.01 0.18 士 0.01 0.58 士0.14 0.73士 0.12 
acetate 0.03 士0.00 0.03±0.01 0.17 士 0.01 0.50 士 0.14 0.71 士 0.12 
butyrate 0.01 士0.00 0.01 士0.00 0.01 士0.00 0.01 土0.00 0.01 士 0.00 
propionate 0 0 0 0 0.01 土 0.00 
Medium molecular weight barley p-glucan 
0 12 Ya 36 48 
t ^ 0.04 士 0.03 0.14 士0.04 0.15士0.03 0.68士 0.12*1.02 士 0.15* 
acetate 0.04 士0.03 0.13士0.02 0.14士0.03 0.61±0.12* 0.88 士 0.02* 
butyrate 0.01±0.00 0.01 士0.00 0.01 士0.00 0.01±0.00 0.02士 0.00 
propionate 0 0 0 0 0.01 士 0.00 
Low molecular weight barley p-glucan 
0 12 S ^ ^ 
^ 0.07±0.01 0.10 土 0.01 0.26 士0.05 0.37士 0.19 1.12 士 0.14* 
acetate 0.07 士 0.01 0.09 士 0.01 0.25 士0.04 0.34士0.07 0.99土 0.14* 
butyrate 0.01 士0.00 0.01 士0.00 0.01 士0.00 0.01 士0.00 0.02士 0.00 
propionate 0 0 0 0 0.01 士 0.00 
Data are the mean value士S.D.(N=3) 
"^indicate significant difference of total SCFAs and acetate production between means 
at different time internal compared with time zero (student 's t-test, p<0.05) 
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Table 3.10 SCFA profile of in vitro fermentation of barley p-glucans with different 
molecular weight and lactulose at 0，12, 24, 36, 48 h using pure culture of B. infantis 
Lactulose 
S ^ C T ^ ^ a 12 24 36 48 
mmolg-i^v 
total 0.18 士0.02 0.09士 0.01 0.06 士 0.01 0.50 士0.07 0.93士 0.16* 
acetate 0.18 士0.02 0.09±0.01 0.05 士 0.01 0.49 士0.07 0.92士 0.16* 
butyrate 0 0.01±0.01 0.01±0.00 0.01 土0.00 0.01±0.00 
propionate 0 0 0 0 0.01 士 0.00 
High molecular weight barley p-glucan 
0 12 Ya 36 48 
t ^ 0.10士0.02 0.07±0.01 0.25±0.04 0.21 士0.08 0.20士 0.03 
acetate 0.10 士0.02 0.06士 0.01 0.24 士0.04 0.20±0.08 0.16士 0.02 
butyrate 0 0.01 士 0.01 0.01 士0.00 0.01 士0.00 0.01±0.00 
propionate 0 0 0 0 0.01 士 0.00 
Medium molecular weight barley P-glucan 
0 12 Ya ^ 48 
t ^ 0.09 土0.02 0.12±0.01 0.26 士0.10 0.33±0.05 0.80±0.13 
acetate 0.08 士0.02 0.12士 0.01 0.25 士 0.10 0.31 士0.05 0.94士 0.06 
butyrate 0 0.01±0.01 0.01±0.00 0.01±0.00 0.03士 0.00 
propionate 0 0 0 0 0.02土 0.00 
Low molecular weight barley p-glucan 
0 12 ^ ^ 48 
t ^ 0.02±0.01 O.mO.Ol 0.51±0.10 0.53±0.02 1.03士 0.07* 
acetate 0.02 士 0.01 0.17 士 0.01 0.50 士0.10 0.52士0.02 1.02±0.03* 
butyrate 0 0.01±0.01 0.01 士0.00 0.01±0.00 0.04±0.01 
propionate 0 0 0 0 0.01 士 0.00 
Data are the mean value 士 S.D. (N=3) 
"^indicate significant difference of total SCFAs and acetate production between means 
at different time internal compared with time zero (student 's t-test, p<0.05) 
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Table 3.11 SCFA profile of in vitro fermentation of barley (3-glucans with different 
molecular weight and lactulose at 0, 12, 24, 36, 48 h using pure culture of B. longum 
lactulose 
S ^ J ^ ^ h 0 12 24 36 48 
mmolg"^ ： 
total 0.01 士 0.01 0.04 士0.02 0.26士0.06 0.45士0.05 3.62士 0.24* 
acetate 0.01 士 0.01 0.04 士0.02 0.24士0.06 0.42士0.10 3.57士 0.14* 
butyrate 0 0 0.01±0.00 0.01 士0.00 0.02±0.00 
propionate 0 0 0 0.01±0.00 0.03土 0.01 
High molecular weight barley p-glucan 
0 12 Ya 36 48 
^ 0.01 士0.00 0.08±0.02 0.40士 0.10 1.93 士 0 . 0 3 2 . 0 8 士 0.17* 
acetate 0.01±0.00 0.07士0.02 0.39士 0.10 1.92 士0.06 2.04士 0.26* 
butyrate 0 0.01 士 0.01 0.01±0.00 0.01 士0.00 0.04±0.00 
propionate 0 0 0 0.01±0.00 0.02士 0.00 
Medium molecular weight barley p-glucan 
0 12 Ya ^ 48 
t ^ 0.01 士 0.01 0.03±0.01 0.35 士0.06 1.53士 0.19 1.68±0.02* 
acetate 0.01±0.01 0.03±0.01 0.35 土 0.05 1.51±0.19 1.65 士 0.02* 
butyrate 0 0 0.01 士0.00 0.01 士0.00 0.01±0.00 
propionate 0 0 0 0.01 士0.00 0.02±0.00 
Low molecular weight barley p-glucan 
0 12 ^ ^ ^ 
^ O.OUO.Ol 0.04 士 0.01 0.32 士0.03 0.98土0.24 1.76士 0.06 
acetate 0.01 士 0.01 0.04 士 0.01 0.31±0.03 0.96士 0.23 1.74±0.06 
butyrate 0 0 0.01 士0.00 0.01 士0.00 0.01 士 0.00 
propionate 0 0 0 0.01 士0.00 0.02士 0.00 
Data are the mean value 士 S.D. (N=3) 
"^indicate significant difference of total SCFAs and acetate production between means 
at different time internal compared with time zero (student 's t-test, p<0.05) 
123 
3.3.4 Correlation between various parameters related to fermentation 
To conclude, the correlation {Pearson, 2-tailed) between the parameters including, 
D M D , O M D , total SCFAs and acetate production and the OD600 change were studied 
(Table 3.13). The pH change in 48 h was correlated with D M D (correlation 
coefficient: 0.365, p< 0.05) and O M D (correlation coefficient: 0.670, p<0.01) and 
total SCFAs, acetate production (correlation coefficient: 0A53, p<0.01). That implies 
that the greater the pH drop of the fermentation broth, the higher the fermentability 
of the substrates as reflected by D M D and O M D , and the more SCFAs production. 
The high correlation (correlation coefficient: 0.656, p<0.01) between pH drop and 
total SCFAs production implies that the production of SCFAs is the main reason for 
the acidification of the culture medium. A high correlation between total SCFA 
production and O M D was obtained (correlation coefficient: 0.712, p<0.01), 
indicating that total SCFA production was originated from the organic matter of the 
substrate. Such observation in other dietary fibre sources had also been reported 
previously (Bourquin et al., 1993; Bourquin et al, 1996). 
Table 3.12 Correlation between pH drop, O M D , D M D , total SCFA production, 
acetate production and ODeoo change after 48 h in vitro fermentation using pure 
culture of Bifidobacterium species 
D M D Total Acetate O D ^ O M D 
SCFAs change 
pH drop 0.004* 0.000 0.000 0.056 0.000 
(0.365)** (0.656) (0.453) (0.248) (0.670) 
*Figures are p values of correlation test (Pearson, 2-tailed) between two parameters 
and correlation is significant at the 0.01 level (Bolded in black). 
** Figures in parenthesis represent the correlation coefficient. 
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3.4 Enzymatic activities in 2 selected Bifidobacterium species during 
fermentation 
Barley P-glucans resist hydrolysis by salivary and intestinal digestive enzymes but 
are still subject to hydrolysis by enzymes of colon bacteria like bifidobacteria. Their 
(3-configuration cannot be degraded by human gastrointestinal digestive enzymes 
which are specific for a-glycosidic bonds (Sako et al” 1999; Kaur et al” 2002; Priebe 
et al., 2002; Tungland, 2003).Therefore their utilization is mediated mainly by the 
hydrolytic enzymes of colonic bacteria (Sako et al” 1999, Ban Laere, 2000). So 
studying the fermentation preference and related enzymatic activity to barley 
3-glucans of the colonic bacteria like bifidobacteria is necessary. 
In section 3.3, it was found that there was species differences in the preference to 
barley P-glucans with different molecular weight by the bifidobacteria. In order to 
further confirm and investigate the reasons behind, two Bifidobacterium species with 
the most obvious trend of preference to different M W barley P-glucans namely B. 
adolescentis and B. longum were chosen to ferment barley P-glucans with high and 
low M W in an extended 72 h in vitro fermentation. Dry matter and organic matter 
disappearance, time course study of pH change, population change of bifidobacteria 
change and SCFA production, were monitored as parameters for the reference of the 
fermentation progress. Further investigation on the metabolites of the fermentation of 
their suppression on colon cancer cells by M T T assay and 3 different bacterial 
enzyme assays were carried out to evaluate the related enzymatic activities. 
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3.4.1 Dry matter and organic matter disappearance 
The dry matter and organic matter disappearance were measured as reference to 
monitor the degree of fermentation in this in vitro study (Fig 3.24 and Fig 3.25). A 
similar trend of preference as observed in section 3.3 was found. B. adolescentis 
tended to have a higher D M D (53.81 士 4.67o/o) and O M D (77.90 士 0.33o/o) with low 
molecular barley P-glucan than higher M W one (52.73 士 1.26o/o and 77.10 士 8.59 %, 
respectively) but without statistical significant difference. B. longum seemed to 
ferment high M W barley P-glucan better by having a higher D M D and O M D (55.67 
士 6.27 % ,70.58 士 5.10 %) than lower M W one (46.19 土 3.96o/o and 68.68 士 0.44 % , 
respectively). There are no statistical significant difference in the fermentability of 
two M W barley P-glucans by B. adolescentis and B.longum (p > 0.05). This might 
imply that the difference in M W of the two barley P - g l u c a n s was not large enough to 
induce difference in the fermentability in 72 h in vitro fermentation. 
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lactulose high MW barley /3 glucan low MW barley /3 glucan 
Fig 3.24 Dry matter disappearance (DMD) of 72 h in vitro fermentation of barley 
P-glucans of different molecular weight using pure culture of Bifidobacterium 
species 
Data are the mean value 土 S.D. (N=3) 
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Fig 3.25 Organic matter disappearance (OMD) of 72 h in vitro fermentation of barley 
P-glucans of different molecular weight using pure culture of Bifidobacterium 
species 
Data are the mean value 土 S.D. (N=3) 
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3.4.2 Bifidobacteria! growth evaluated by direct microscopic count 
The growth of the bifidobacteria was evaluated by direct microscopic count instead 
of ODeoo measurement as in Section 3.3.2. The number of bifidobacteria was 
expressed as natural logarithm (Fig 3.26-3.27) and the generation time was also 
calculated for comparison as shown in Table 3.14. B. adolescentis fermented low 
M W barley P-glucan better than the larger M W one which was consistent with the 
previous result in Section 3.3.2. The maximum increase in the number of B. 
o 
adolescentis when fermenting low M W barley P-glucan was 4.60 士 0.55x 10 which 
o 
was larger than that in high M W barley P-glucan (3.89 士 0.46 x 10 ). However, the 
increase in number of bifidobacteria in fermenting the two barley P-glucans was 
smaller than that of lactulose (7.30 士 1.33 x 10 ) but without statistical significance. 
B. longum fermented high M W barley p-glucan better than lower M W one by having 
Q 
a larger increase in bifidobacteria! population (2.99 ± 0.17 x 10 compared with 2.96 
Q 
土 0.31 X 10 ). But the increase in bifidobacteria! population of the two M W barley 








































































































































































































































































































































































































































































































































3.4.3 Time course study of SCFAs production 
3.4.3.1 Total and individual SCFAs production (Acetate, Propionate and 
Butyrate) 
The acidification of growth environment through the production of lactic acid, acetic 
acid and other SCFAs may give bifidobacteria the advantage to compete with other 
commensals for nutrient. The acidic pH in the proximal colon, where most of the 
undigested carbohydrates are fermented, may inhibit the growth of certain pathogen 
like Clostridium, while bifidobacteria are more acid tolerant and hence are less 
affected. 
As pH is an important physical parameter of the fermentation medium to monitor the 
progress of fermentation, so it was measured again in this part. The pH of the 
medium in which two Bifidobacterium species fermented with lactulose, high and 
low M W barley P-glucans had the greatest drop in the first 24 h (Fig 3.28 and Fig 
3.29). The fermentation medium when B. adolescentis and B. longum were grown 
with lactulose obtained the largest drop (2.44±0.05 and 2.69 士 0.01，respectively). 
When compared with the result of pH change obtained in Section 3.3.2, the trend of 
pH change was different for the same substrate and same bifidobacterium species. 
This might be due to the scale-up of the batch fermentation set-up (i.e. from 20ml to 
50ml) fermentation broth and the extended fermentation time with additional 
sampling time (i.e. from 48 h to 72 h). These might induce changes in the 
fermentation environment for the bifidobacteria including the pH of the fermentation 
both and in turn affected the production of metabolites like SCFA. 
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B. adolescentis produced significantly larger amount (p<0.05) of total SCFAs in the 
time interval between 12h and 24 h when incubated with lactulose (increased 472 % 
to 0.84 士 0.14 mmol/g) and high M W barley P-glucan (increased 392 % to 0.61 士 
0.37 mmol/g) (Fig 3.30) . It fermented lactulose continuously after 24 hours, and 
produced total SCFAs significantly (p < 0.05) after 48 h (increased 391% to 3.27 ± 
0.26 mmol/g). B. adolescentis produced SCFAs continuously when incubated with 
both high and low M W barley P-glucans but just in a mild extend without statistical 
significance (p > 0.05) after 48 h and 24 h, respectively (Fig 3.30). But it fermented 
low M W barley P-glucan faster and produced significantly (p < 0.05) more SCFAs 
just in first 12 h (increased 682% to 0.69 士 0.02 mmol/g) and continue to increase 
throughout the 72 h. And the final total SCFAs produced by low M W barley P-glucan 
(2.42 士 0.06 mmol/g) was larger than that from the high M W one (1.91±0.35 mmol/g) 
(Fig 3.30). 
In the first 24 h fermentation period by B. longum, the amount of total SCFAs 
increased significantly (/7<0.05) in both lactulose (increased 1536% to 2.14 士 0.65 
mmol/g) and low M W barley glucan (increased 587 % to 1.14 士 0.21 mmol/g) (Fig 
3.31). B. longum continued to produce significantly (p<0.05) more total SCFAs (4.17 
士 0.69 mmol/g) after 48 h of incubation with lactulose, similar to that in B. 
adolescentis (Fig 3.31). When B. longum was incubated with high M W barley 
p-glucan, the SCFA production increased more slowly than B. adolescentis did, with 
the total SCFAs production increased significantly (p <0.05) between the time 
interval 24 h and 36 h (increased 328% to 2.20 士 0.39 mmol/g) (Fig 3.31).The final 
total SCFAs production from high M W barley P-glucan (3.21 土 0.05 mmol/g) was 
higher than that from low M W one (2.65 士0.28 mmol/g) in B. longum. 
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The time of transit through the colon determines the duration of the contact of 
non-digestible carbohydrates with the bacterial enzymes and hence limits the extent 
of its decomposition and the metabolites released (Kay, 1982). Degradation starts by 
an extra-cellular and intra-cellular hydrolysis that converts polysaccharides of barley 
p-glucan in mono- and disaccharides, followed by an intra-cellular anaerobic 
glycolysis that releases acetate, propionate and butyrate as final products (Larrauri et 
al., 1996; German and Watkins，2004). 
The key enzyme of the intra-cellular hexose catabolism in bifidobacteria is the 
fructose-6-phosphate phosphoketolase which splits the hexose phosphate to 
erythrose-4-phosphate and acetyl phosphate (Scardovi & Trovatelli, 1965; De Vries 
et al, 1967). The hexose released from the extra-cellular digestion of barley 
p-glucan was only glucose. The glucose was then converted to tetrose and hexose 
phosphates, through the successive action of transaldolase and transketolase to form 
pentose phosphates are formed that, via the usual 2-3 cleavage, giving rise to lactic 
acid and additional amounts of acetic acid in a theoretical final ratio of 1.0:1.5 
(Sylvia et al., 2004). Additional formation of formic acid and ethanol can alter the 
fermentation balance. Different species of bifidobacteria produce variable amounts 
of acetate, lactate, ethanol and formate under the same conditions as the level of 
enzymatic activity in the metabolism mentioned is different among species (Luc, 
2000). This may be the reason why different SCFA production profiles were 
generated by B. adolescentis and B. longum towards barley P-glucans with different 
molecular weight as observed in the present study. 
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Fig. 3.28 pH change during 72 h in vitro fermentation using pure culture of B. 
adolescentis 
Data are the mean value 士 S.D. (N=3) 
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3.4.3.2 MTT assay 
The M T T cell proliferation assay is a colorimetric assay system which measures the 
reduction of a tetrazolium component (MTT) into an insoluble formazan product by 
the mitochondria of viable cells. After incubation of the cells with the M T T reagent 
for approximately 2 to 4 h, a detergent solution is added to lyse the cells and 
solubilize the colored crystals. The samples are read using an ELISA plate reader at a 
wavelength of 570 nm. The amount of color produced is directly proportional to the 
number of viable cells. For each cell type a linear relationship between cell number 
and absorbance is established, enabling accurate, straightforward quantification of 
changes in proliferation. Among the applications for the method are drug sensitivity’ 
cytotoxicity, response to growth factors, and cell activation (Mosmann, 1983). 
3.4.3.2.1 Effect of metabolites in the fermentation medium on the proliferation 
ofSW620 
Colon cancer cell lines S W 620 (Tumor stage: Dukes' type C) and Caco2 which are 
in different tumor stages were chosen for testing the effect of metabolites from 
bifidobacteria including the SCFAs and other anti-tumor substances that might be 
presented in the fermentation medium. 
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All the different volumes of the fermentation medium of B. adolescentis incubated 
with high M W barley P-glucan after 72 h incubation of SW620 cells suppressed the 
growth of these colon cancer cells more than 50% (Fig 3.32). The strongest 
suppression (54.4 % 士 1.61o/o cell inhibition) was obtained in 100 )il of the 
supernatant collected in 24 h fermentation time with 72 h cell incubation time. 
The supernatant obtained from the fermentation medium when B. adolescentis 
fermenting the low M W barley P-glucan seemed to have stronger suppression effect 
on the growth of colon cancer cell (SW 620) than those from fermenting the high 
M W barley P-glucan even though the differences were not statistically significant (p 
> 0.05) (Fig 3.32 and Fig 3.33). At a volume of 25 jil and 50 the suppression to 
the colon cancer cell (SW 620) of the supernatant from B. adolescentis fermenting 
the low M W barley P-glucan was less than 50 % in all incubation times. The 
strongest suppression (63.6 % 士 5.52 %) to the colon cancer cell was observed from 
the 100 supernatant collected in 48 h fermentation at 72 h incubation time. 
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For the supernatant obtained from fermentation of high M W barley p-glucan by 
B.longum, the inhibition effect on S W 620 was over 50% suppression when the 
incubation time reached 72 h (Fig 3.34). The strongest suppression was 54.5% 士 
2.45% suppression obtained from lOOjjl supernatant collected in 24 h fermentation 
time at 72 h incubation time. 
When B. longum was incubated with low M W barley p-glucan, the supernatant 
collected had a similar trend on the suppression of the SW620 as those obtained by 
fermenting the high M W one (Fig 3.35). The suppression effect was more obvious 
when the cells were incubated for 72 h. The strongest inhibition (52.84% 士 7.94o/o) 
was observed from the one collected in 24 h fermentation when incubated with 100 
|j1 supernatant of fermentation broth. The overall strongest suppression (61.09% 士 
3.89%) was observed when B.longum fermented with low M W and incubated with 
25 |J1 supernatant from 72 h fermentation time for 72 h incubation time. 
The inhibition effect of fermentation supernatant by both B. adolescentis and B. 
longum was observed to be dose-dependent, with the inhibition effect increased when 
the volume of supernatant added increased. The larger inhibition effect was observed 
in volume of 100 |J1 supernatant from the fermentation broth of B. adolescentis and B. 
longum. 
S W 620 is the colon cancer cell at a later stage of colorectal adenocarcinoma derived 
from human lymph node. From the data obtained, the effect and trend of suppression 
was stronger when the SW620 was incubated for 72 h and the volume of supernatant 
added was 100 |jl. This implied that the fermentation metabolites only had significant 
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suppression on the colon cancer cell growth when the concentration of the 
supernatant was high enough and more time was allowed for the metabolites to 
function. An interesting fact observed was that the supernatant collected at the start 
or early stage of fermentation (first 24 h) had a proliferative effect on the SW620 
(Fig 3.32 - Fig 3.35). It might be due to the extra nutrient input by the supernatant 
added which contained large amount of nutrients for colon cancer cell growth. The 
proliferation was strongest at 72 h cell incubation time, because more time was 
allowed for the cancer cells to obtain and assimilate the extra nutrient. 
Bowel cancer is defined as cancer of any part of the colon or rectum. In western 
countries, it is a prolific disease with a 50% mortality rate. Although colorectal 
cancer is found predominantly in more mature people, it may affect virtually any age 
group (Natalie and Bullock, 2006). Addressing this disease is considered to be 
crucial. As with many cancers, if caught early colorectal cancer is curable. The 
pre-cancerous state first appears as a polyp which, if untreated, may develop either 
into a cancer protruding into the bowel's lumen, often causing an obstruction or 
ulcerating, or it may cross the gut wall and spread to nearby organs. Butyrate, a 
SCFA produced in the intestine of people with high fiber diets, is directly implicated 
in reduced incidence of colorectal cancer (Yuan et al., 2004). Butyrate helps 
regulating the P-catenin transcription factor (BCT) dependent Wnt pathway which 
facilitates the modulation of proliferative differentiation and tumor progression genes 
of colonic carcinoma cell lines SW620 (Bordonaro et al., 2002). SW620 responses to 
butyrate by undergoing down-regulation of the TK-tcf, M M P 7 and cyclin-Dl 
promoters and subsequently differentiation and apoptosis. Thus, butyrate appears to 
be a major influence over several potentially tumorigenic pathways although the 
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method of control may vary between tissue types. So bacterial strains that metabolize 
carbohydrates to produce butyrate should aid in the treatment of colorectal cancer. 
Using an in vitro human gut model and the prebiotic inulin, Ban de Weile et al. (2004) 
demonstrated that the floral content of the colon could be shifted towards lactobacilli 
and bifidobacteria with a concomitant increase in butyrate and propionic acid. 
Measurement of fecal mutagens has been used to study the potential effect of 
prebiotic wheat bran on colon cancer risk. Reddy et al. (1989) found that increased 
intake of fermentable fibres lowered levels of mutagens in the stools of 19 healthy 
human subjects. 
3.4.3.2.2 Effect of metabolites in the fermentation medium on the proliferation 
of Caco-2 
When B. adolescentis fermented high M W barley P-glucan, the suppression effect in 
terms of cell viability on Caco2 was only significant (54.38% 士 1.61o/o) (p<0.05) 
when 100 fjl of supernatant collected at a fermentation time of 72 h with cell 
incubated for 72 h (Fig 3.36). When B. adolescentis fermented with low molecular 
weight barley P-glucan, the suppression of Caco2 was observed to be significant (p < 
0.05) only when 100 |J1 of fermentation supernatant collected at 48 h with cell 
incubated for 72 h (51.75% 士 8.27o/o ) (Fig 3.37). 
The suppression effect on Caco2 by the supernatant of the fermentation medium 
collected from B. longum fermenting high M W barley p-glucan was stronger when 
larger volume of supernatant was added with longer incubation time (Fig 3.38). The 
suppression was stronger (48.5 % 士 6.96 %) when of 100 |J1 supernatant collected in 
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24 h fermentation time was added. It was observed that the incubation time of the 
colon cancer cell affected the inhibition effect to a lesser extent in the case when 100 
|j1 supernatant was added as the trend was similar in incubation time 24 h, 36 h and 
72 h (Fig 3.38). 
When B. longum fermented with low M W barley p-glucan, the suppression effect 
(50.6 % 士 1.87o/o) on Caco2 was most significant (p < 0.05) from cell incubation 
time 72 h and fermentation time 48 h (Fig 3.39). It was also observed that the 
incubation time of the colon cancer cell affected the inhibition effect to a lesser 
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Caco-2 cells were used to study enterocyte interactions with a wide variety of 
bacterial species, and in vitro interactions were shown to have in vivo relevance 
(Pucciarelli and Finlay, 1994; Finlay and Falkow, 1997). SCFAs including acetate, 
propionate and butyrate, produced during gut fermentation may have promising uses 
in the treatment of colon cancer. Increased production of SCFAs has been shown to 
decrease the pH of the contents of the colon (Segal et al., 1995) and enhance normal 
cell proliferation, while suppressing proliferation of transformed cells (Hague et al, 
1995), which in turn has been associated with a reduced incidence of colon cancer in 
various populations. A case-control study of black and white South Africans showed 
that the high concentrations of fecal short-chain fatty acids in the study group could 
provide protection against chronic bowel disease (Kritchersky, 1990). 
Besides directly suppressing the growth of colon cancer cell, the barley P-glucans 
might contribute to the fecal bulking capacity together with the bacterial biomass. 
Apart from diluting the carcinogenic and toxic substances by providing a more bulky 
stool, the non-fermented barley P-glucans could also decrease the transit time of the 
stool along the colon and lower the chance of exposure to carcinogens in a similar 
way as other cereal polysaccharides such as arabinoxylan and other 
fructo-oligosaccharides of the inulin type present in wheat and rye (Campbell et al., 
1997; Karppinen et al., 2000). 
Butyrate has long been documented to decrease the growth of most human colon 
cancer cell lines by inhibiting cell proliferation and enchancing differentiation and 
apoptosis (Hague et al., 1982; Heerdt et al., 1994). Although some consider butyrate 
production to be a potential mechanism by which dietary fiber may protect against 
colon carcinogenic, this hypothesis remains the subject of debate, due to in part to 
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apparent inconsistencies in literature (Lupton, 1995; Lupton. 2000). For example, in 
a study designed to test two cereal fibers with different degrees of fermentabilty (i.e. 
the highly fermentable oat bran compared to poorly fermented wheat bran) with 
respect to their protection/promotion of experimentally-induced higher (p<0.001) 
levels of butyrate in both the proximal and distal colon compared to wheat bran 
(Zoran et al., 1997). However oat bran also resulted in a greater number of colon 
tumors than wheat bran did (52% of rats fed oat bran had tumors compared to 27% 
of rats feed wheat bran; p<0.021) (Zoran et al, 1997). In the present study, the level 
of butyrate was low (0.01 % 士 O.OOo/o to 0.02 % 士 O.OOo/o) over the fermentation 
period in the supernatant of the fermentation medium. However, the inhibition effect 
of the supernatant could still reach 50%, therefore butyrate might not be the only 
SCFA that can suppress colon cancer cell growth. Moreover, the suppression on the 
growth of colon cancer cells might be due to its relatively low level of butyrate. 
Propionate and acetate were identified as the major cytotoxic components secreted 
by the propionibacterium that can kill human colorectal carcinoma cell line Caco2 by 
apoptosis. Bacterial culture supematants as well as pure SCFA induced typical signs 
of apoptosis including a loss of mitochondrial trans-membrane potential, the 
generation of reactive oxygen species, caspase-3 processing, and nuclear chromatin 
condensation (Jan et al., 2002). And it has been previously shown that butyrate 
induces apoptosis in colon cancer cells but not in normal cells (Scheppach W., 1995; 
Hague et al., 1997; Heerdt et al., 1997; Marchetti et aL,1997). In addition to butyrate, 
propionate can have anti-inflammatory effects on colon cancer cells (Nurmi et al, 
2005). Evidence has suggested that increasing the numbers of bifidobacteria in the 
colon and reducing intestinal pH has a direct impact on carcinogenesis in the large 
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intestine (Golding & Gorbach，1980; Hill 1988; Koo & Rao, 1991). The major active 
ingredients against the colon cancer cells in the supernatant of the fermentation 
medium of the present study were the three SCFAs mentioned above, with the 
amount of acetate being most dominant which might be considered to exert greater 
effect on the colon cancer cells either by lowering the pH of the culture medium or 
interfering the signal transduction. 
3.4.4 Enzyme assays using commercial kits 
3.4.4.1 API ®ZYM assay 
Table 3.15 shows different enzymatic activities towards different kind of substrates 
in respect to the two Bifidobacterium species, B. longum and B. adolescentis. A 
different enzymatic profile existed at the species level. According to the color-scale 
reading of API-ZYM system, which ranged from 0 (negative reaction) to 5 nmoles 
(maximum positive reaction), with 1 corresponds to 5 nmoles, 2 to 10 nmoles, 3 to 
20 nmoles, 4 to 30 nmoles, 5 to 40 nmoles or more of each API-ZYM substrate 
metabolized by the strains. 
As presented in Table 3.13, both the two Bifidobacterium species showed high (10 
nmoles) enzymatic activity for esteraselipase C8 and valine arylamidase. In contrast, 
no enzymatic activity was observed for phosphatase alcaline, Esterase C4, 
Naphtol-AS-Bl- phosphohydrolase and a-fucosidase. Focusing on the carbohydrases, 
the enzymatic activity for P-glucuronidase and (3-glucosidase of B. longum was 
higher than that of B. adolescentis while the other carbohydrase activity was similar 
153 
for the two Bifidobacterium species tested. 
The API-ZYM kit allows the detection of 19 enzymatic activities. Four of them seem 
to be related to identification of bifidobacteria including a-galactosidase, 
P-galactosidase, p-glucuronidase, and a-glucosidase. While samples without 
bifidobacteria had no significant higher activity of p-glucuronidase, samples with 
bifidobacteria had significantly (p<0.01) higher activity of a-galactosidase, 
P-galactosidase, and a-glucosidase (Vlkova et al., 2005). The result of the present 
study was consistent with previous study in that the activity of a-galactosidase, 
P-galactosidase, P-glucuronidase and a-glucosidase were also observed. 
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Table 3.13 Result of API@ Z Y M assay 
Results * 
B.adolescentis B. longum 
1 Control 0 0 
2 Alkaline phosphatase 2-naphthyl phosphate 0 0 
3 Esterase (C4) 2-naphthyl butyrate 0 0 
4 Esterase Lipase (C8) 2-naphthyl caprylate 2 2 
5 Lipase (CI4) 2-naphthyl myristate 1 2 
6 Leucine arylamidase L-leucyl-2-naphthylamide 1 2 
7 Valine arylamidase L-valyl-2-naphthylamide 2 2 
8 Cystine arylamidase L-cystyl-2-naphthylamide 1 3 
9 Trypsin N-benzoyl-DL-arginine-2-naphthylamide 1 2 
10 a-chymotrypsin N-glutaryl-phenyalanine-2-naphthylamide 1 0 
11 Acid phosphatase 2-naphthyl phosphate 0 0 
12 Naphthol-AS-Bl-phospho- Naphthol-AS-Bl-phosphate 0 0 
hydrolase 
13 a-galactosidase 6-Br-2-naphthyl-a-D-galactopyranoside 1 1 
14 p-galactosidase 2-naphthyl-p-D-galactopyranoside 1 1 
15 p-glucuronidase Naphthol-AS-BI-p-D-glucuronide 1 2 
16 a-glucosidase 2-naphthyl-a-D-glucopyranoside 1 1 
17 P-glucosidase 6-Br-2-naphthyl-p-D-glucopyranoside 1 3 
18 N-acetyl-p-glucosaminidase 1-naphthyl-V-acetyl-p-D-glucosaminide 1 2 
19 a-mannosidase 6-Br-2-naphthyl-a-D-mannopyranoside 1 1 
20 a-fucosidase 2-naphthyl-a-L-fucopyranoside 0 0 
* 0: negative reaction ； 1: 5 nmoles ； 2: 10 nmoles ； 3: 20 nmoles ； 4: 30 nmoles ； 5: 
reaction of max intensity, 40 or more nmoles 
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3.4.4.2 Efficiency of intra-cellular enzyme extraction using labiase 
Gram-positive bacteria like Bifidobacteria have a thick cell wall containing 
covalently associated peptidoglycans, which are not easily disrupted (Schlessinger 
and Schaechter, 1989). In order to release the intracellular enzyme, enzymatic lysis 
of the cell wall was carried out by labiase which is a new enzyme preparation that 
can lyse cell walls of lactic acid bacteria effectively. The efficiency of the lysis of the 
Bifidobacteria by labiase was monitored for both species. The lytic efficiency of B. 
adolescentis by labiase was 80.1 士 10.05 % while that for B. longum was 78.4 士 
10.7%. The lysis condition was also confirmed by microscopic direct observation. 
Compared with the lysis percentage of 62.9 for Bifidobacterium bifidum (JCM 1255) 
(Ohbuchi et al., 2001), the lytic efficiency obtained in the present study was 
satisfactory. The extent of lysis of bacterium cells by labiase varies with lactic acid 
bacterium strain, growth stage of lactic acid bacteria, and culture conditions 
(Ohbuchi et al.,2001). 
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3.4.5 Time course enzyme assays 
3.4.5.1 Lichenase activity assay 
The extra-cellular lichenase activity was found to be highest at a fermentation time of 
72 h for both B. adolescentis and B.longum (Fig 3.40). The extra-cellular lichenase 
activities in the fermentation medium observed had a similar trend of increase from 0 
h to 24 h and then from 48 h to 72 h with a drop at fermentation period from 24 h to 
48 h. The highest extra-cellular lichenase activity (8.46 土 0.4lmilliU/106 bacterial 
count) was found when B. adolescentis was incubated with low M W barley P-glucan. 
There was no significant difference (p>0.05) between the changes in the 
extra-cellular lichenase activities of the fermentation broth obtained from both high 
and low M W barley P-glucans with the two Bifidobacterium species (Fig 3.40). 
For the intra-cellular lichenase activity，it was much higher (about 20 times) than that 
of the extra-cellular one (Fig 3.41). For both B. adolescentis and B. longum, the 
highest enzyme activity was found at a fermentation time of 24 h in lactulose and in 
both high and low M W barley P-glucans. For B. adolescentis, its intra-cellular 
lichenase activity was significantly higher (p<0.05) when incubated with low M W 
barley P-glucan (181 士 0.90 milliU/10^ bacterial count) than with high M W barley 
p-glucan (139 士 1.80 milliU/lO^acterial count) and lactulose (121 土 1.80 milliU/10^  
bacterial count) at a fermentation time of 24 h (Fig 3.41a). For B. longum, its 
intra-cellular lichenase activity was the highest when incubated with high M W barley 
p-glucan (170 士 2.80 milliU/10^ bacterial count), followed by low M W barley 
p-glucan (150 士 15.7 milliU/10^ bacterial count) and blank (135士 3.10 milliU/10^ 
bacterial count) (Fig 3.41b). 
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3.4.5.2 Cellulase activity assay 
Previous study showed that barley P-glucans were hydrolysed by specific enzymes, 
including endo- (1+4) - P-glucanase (David and Gylnn, 1973). Therefore, a study of 
the cellulase activity profile of bifidobacteria is critical to control and improve the 
fermentability of the barley P-glucans by the bacteria. 
For the extra-cellular cellulase activity, the trend of change in enzymatic activity was 
varied according to the substrate and Bifidobacterium species under study (Fig 3.42). 
For B. adolescentis, the high and low M W barley P-glucans had extra-celluar 
cellulase activity which increased around 2 times to 121 士 3.84 milliU/10^ bacterial 
count and 138 士 32.5 milliU/10^ bacterial count, respectively in the first 24-h 
fermentation period, and then the extra-cellular cellulase activity in the fermentation 
medium of low M W barley P-glucan dropped while that from high M W barley 
P-glucan continued to rise to maximum 140 ± 23.3 milliU/10^ bacterial count at 48 h 
before dropped to 115 士 6.65 milliU/10^ bacterial count at 72 h (Fig 3.42a). The 
highest extra-cellular cellulase activity of B. adolescentis was observed to be 143 士 
9.47 milliU/10^ bacterial count when fermenting lactulose at a fermentation time of 
72 h. However, no significant change (p> 0.05) of the extra-cellular cellulose activity 
was found in the fermentation medium incubated with lactulose and the two barley 
P-glucans throughout the 72 h period (Fig 3.42a). 
For B. longum, the largest increase of extra-cellular cellulase activity was observed 
in fermenting lactulose (from 37.1 ±4.83 milliU/10^ bacterial count at 0 h to 115 
milliU/10^ bacterial count at 24 h), low MW barley P-glucan (from 50.6 士 4.43 at 0 h 
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to 127 士 5.54 milliU/10^ bacterial count at 24h) and blank control (from 52.76 士 9.60 
milliU/10^ bacterial count at 0 h to 131 士 25.0 milliU/10^ bacterial count at 24h) in 
the first 24 h of fermentation (Fig 3.42b). Afterwards, the extra-cellular cellulase 
activity began to drop slightly at fermentation time 48 h and reached the highest 
activity at 72 h. The highest extra-cellular cellulase activity of B. longum (405 士 25.0 
milliU/10^ bacterial count) was observed when fermented with high M W barley 
P-glucan at 72 h, which increased significantly (p<0.05) from 146 ±22.1 milliU/ml at 
fermentation time 48 h (Fig 3.42b). This increase in the last 24 h might be due to the 
increase in the level of extra-cellular cellulase of B. longum induced by the high M W 
barley p-glucan. This might help to explain the fact that B. longum had more effective 
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Similar to the case of lichenase activity, the intra-cellular cellulase activity (Fig. 3.43) 
was much higher (about 10 times) than the extra-cellular one (Fig. 3.42). For B. 
adolescentis, the highest intra-cellular cellulose activity was observed at 
fermentation time 24 h for both lactulose and the two M W barley P-glucans, and the 
highest enzymatic activity (2982 士 117.3 milliU/10^ bacterial count) was found in 
low M W barley (3-glucan which was significanly higher (p<0.05) than the other, 
followed by blank control (2048 士79.94 milliU/10^ bacterial count), high M W barley 
p-glucan (1946 土 193.3 milliU/10^ bacterial count) and lactulose (1856 士 44.34 
milliU/10^ bacterial count) (Fig 3.43a). But the intra-celluar cellulase activities of B. 
adolescentis continued to drop in the next 48 h when fermenting lactulose and low 
M W barley P-glucan. However, when B. adolescentis was fermented with high M W 
barley p-glucan and blank control, the intra-cellular cellulase activity decreased 
greatly from fermentation time 24 h to 48 h (drop to 684.6 士 11.09 milliU/10^ 
bacterial count and 601.6 ± 94.71 milliU/10^ bacterial count, respectively) and then 
increased back at the last 24 h of fermentation to time 72 h (1306 ±33.34 miliU/10^ 
bacterial count and 806.4 士 115.2 miliU/10^ bacterial count respectively) (Fig 3.43a). 
For B. longum, the largest increase in intra-cellular cellulase activity was also 
observed at the first 24 h fermentation for both lactulose and the two M W barley 
P-glucans. The highest intra-cellular cellulase activity(4557 士 181.5 miliU/10^ 
bacterial count) observed at fermentation time 24 h in low M W barley p-glucan was 
significantly higher (p<0.05) than that of high M W barley P-glucan (3610 士 66.51 
milliU/10^ bacterial count)，lactulose (2278 士 487.7 milliU/10^  bacterial count) and 
blank control (2355 士 587.8 milliU/10^  bacterial count). As for lactulose, low M W 
barley (3-glucan and blank control, the intra-cellular cellulase activity started to drop 
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in the last 48 h of fermentation (Fig 3.43b). However, a different trend observed in 
high M W barley P-glucan was that its enzymatic activity decreased in the 
fermentation period from the highest 3610 士 66.51 milliU/10^ bacterial count at 24 h 
to 678.4 ± 66.51 milliU/10^ bacterial count at 48 h and then increased greatly again 
in the last 24 h of fermentation study to 3078 士 29.33 milliU/10^ bacterial count. 
The enzymatic activity level of cellulase was found to be higher than that of 
lichenase (Fig 3.40-3.43) in the present study, which might be due to their different 
degree of substrate specificity. Cellulase [endo-(l—4)-P-glucanases，EC 3.2.1.4] 
belonging to glycoside hydrolase family, and able to split all internal (1 今4)-
p-linkages in p-glucans. However, lichenases are the enzymes acting specifically on 
the ( D 4 ) - P-linkages strictly after the (1—3) - p-linkages in P-glucans. About 90% 
of barley P-glucan consists of cellotriosyl and cellotetraosyl residues, which are also 
linked by (1 今3) and (1+4) - (3-linkage by a ratio of 1:2.3-2.5. (Stone and Clarke, 
1992). Due to the structural characteristics of the barley p-glucan, the level of 
induced cellulase activity might be higher because of the larger number of acting 
sites [(1+4) - (3-linkage] compared with that of lichenase [(1—4) - (B-linkage after 
(1^3)-p-linkage]. 
Apart from the chemical composition and structural arrangement (linkage and 
branching), the accessibility of the non-digestible carbohydrate by extra-cellular 
enzymes of colonic saccharolytic bacteria and efficiency of incorporating of the 
monosaccharide into the intra-cellular enzymes fermentation pathway (i.e. bifidus 
pathway) of colonic bacteria like bifidobacteria is also a key factor governing the 
fermentability as well as SCFAs production of a non-digestible carbohydrate 
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(Selvandran, 1984; Selvandran et al.，1987). The current paradigm for prebiotic 
action is that probiotics possess cell-associated glycosidases which hydrolyse 
oligosaccharides prior to the uptake of monosaccharide by certain transport system 
and feed into the bifidus pathway (Perrin et al., 2001). There has no previous study 
on the fermentation system of barley p-glucan by bifidobacteria. Based on the 
mechanism suggested, the bifidobacteria might possess cell-associated extra-cellular 
cellulase and lichenase which hydrolyse the polymer of barley P-glucans into shorter 
chains or oligosaccharides. They were the taken up into the cell for further 
degradation to monosaccharides or oligosaccharides by intra-cellular cellulase and 
lichenase before entered into the bifidus shunt. 
The presence of barley p-glucans as a carbon source caused the production of higher 
level of intra-cellular lichenase and cellulase activity in B. adolescentis and B. longum. 
And the carbohydrate metabolism by the bifidobacteria is species- and even 
strain-dependent as reported in previous study (Poolman 1993). The utilization of 
barley P-glucans with different chain length by different Bifidobacterium species is 
interesting for the development of prebiotics that may act in different parts of the 
human colon, and hence influencing the carbohydrate and protein fermentation 
patterns throughout the colon (Van et al., 2004). 
A preferential utilization of the shorter-chain polysaccharides was observed for most 
Bifidobacterium species in the study by Van et al. (2004). In the present study, only B. 
longum did not display such a preferential utilization. This might also be explained 
by the different extent of expression and different localization of the enzymes 
responsible for the barley (3-glucan degradation. The cellulase and lichenase are 
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probably expressed constitutively and located extra-cellularly or attached to the cell 
wall in the case of B. longum, making them more efficient to breakdown the 
longer-chain polysaccharides; whereas for the B. adolescentis, these enzymes are 
inducible and located intra-cellularly making them more efficient for break-down of 
the shorter chain polysaccharides (Gibson et al., 1994; Imamura et al., 1994; Perrin et 
al., 2001; Ehrmann et al., 2003). 
The level of intracellular specific enzyme activity was not related to the final 
biomass yield (i.e. the increase in the number of bacteria) or the capability of 
fermenting barley P-glucans. In the present study, the incubation of low M W barley 
P-glucan by B. longum induced the highest intra-cellular cellulase activity, however 
the greatest increase in bifidobacteria was observed in the incubation of high M W 
barley P-glucan. Therefore the various responses of bifidobacteria to barley 
P-glucans of different chain lengths might be described or considered not only in 
terms of their fermentation capability but also in terms of their ability to induce 
enzymes located intra or extra-cellularly (Perrin et al., 2001). 
A relatively lower extra-cellular than intra-cellular hydrolytic acitivity in both 
cellulase and lichenase was observed in both B. adolescentis and B. longum. This 
suggested that the barley P-glucan might be fermented internally after transported 
into the cell by specific transport mechanism. But there might also have possibility 
that the internal enzyme was secreted to take the main responsibility for the 
metabolism of barley p-glucan. The mechanism of the bacterial enzyme functioning 
is worth investigation. The presence of extra-cellular hydrolytic enzymes supports 
mutual metabolic and nutritional dependencies among the mixed microbial 
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populations in the intestine. The present study was a simple batch fermentation 
system by single Bifidobacterium species, therefore the extra-cellular enzymatic 
activity induced was lower than that of the human fecal inoculum (Palframan et al., 
2003). A further study of bifidobacteria on barley P-glucans of different DP in mixed 
cultures would give us more insight in this complex situation. 
Chapter 4. Conclusions and Future work 
The results of the present study indicated that the molecular weight of barley 
p-glucans could greatly affect their fermentability by different Bifidobacterium 
species and the metabolites generated. In summary, barley P-glucan with low 
molecular weight was fermented more extensively by B. adolescentis, B. breve, B. 
catenulatum and B. infantis, while that of high molecular one was utilized more 
effectively by B. longum. 
When investigating the activity of p-glucanases, lichenase and cellulase in two 
Bifidobacterium species, it was found that that intra-cellular lichenase and cellulase 
activity were higher than those of the extra-cellular ones. This provided a clue that 
the degradation of barley p-glucans by the Bifidobacterium species might take place 
mainly within the bacteria. The fact that intra-cellular cellulase activity in the 
Bifidobacterium species was higher than that of lichenase might be due to their 
different linkage-specificity of which lichenase is more specific to the mixed (1+4) 
and (l->3)- p-linkages while cellulase acts on (1-^4)- |3-linkage only. The fact that 
the difference in enzymatic profile of B. adolecentis incubated with barley P-glucan 
was different from that of B. longum, might explain the different digestibility of the 
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two Bifidobacterium species to the two barley P-glucans of different M W . The 
purported prebiotic nature of barley P-glucans may be due to the activity level and 
linkage-specificity of the (3-glucanase from bifidobacteria. However, specific 
enzymes for the degradation of the barley P-glucans have not yet been well identified; 
thus the detailed mechanism for the bifidogenic effect of barley P-glucans still needs 
further investigation. 
In a recent review on prebiotics, it was suggested that other components suitable for 
inclusion in the diet, may exert specific effects upon gut bacteria, including 
germinated barley foodstuffs (Gibson et al., 2004). As more refined and reliable 
technologies like real-time PCR (i.e. as a more convenient quantitative method for 
bacterial number enumeration) are applied to prebiotic research, it is believed that the 
list of candidate materials for prebiotics food use is likely to grow. 
One of the most high-lighted targets for colonic microflora profile improvement by 
prebiotics is to increase its colonic persistence, which can result in longer time for 
bacterial metabolism to generate more beneficial metabolites and a lower pH 
extended to the distal colon. Our present study has provided new perspectives on 
more extensive use of longer-chain barley p-glucans as a prebiotics, due to the 
beneficial SCFA produced in colon and to its high degree of polymerization, which 
can provide a more long-lasting effect throughout the colon especially in the distal 
end. However, inoculation of pure culture cannot exactly represent complicate 
colonic conditions and the intensive bacterial competition that occurred in human 
colon and thus cannot accurately identify and quantify the fermentation metabolites 
and its health effect. Therefore, human fecal inoculum in continuous culture 
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chemostat or even human microflora-associated rats would be used as a closer 
representation of the human colonic situation to be used in future. 
The study of prebiotics in the treatment of colorectal cancers is a relatively new field. 
There have been many mechanistic approaches that are beginning to clarify the way 
to cancer initiation but more study is required to evaluate the potential of various 
prebiotics including barley P-glucans. In particular, recent reviews have highlighted 
lack of data from human clinical studies in cancer patients. It is hoped that a holistic, 
non-invasive approach can eventually be adopted to help combat the development of 
colorectal cancers. 
An approach that certainly deserves attention is the use of a combination of pro- and 
prebiotics (i.e. synbiotics). It can improve the survival and implantation of live 
beneficial bacteria in the gastrointestinal tract, either by stimulating the growth or by 
metabolically activating the health-promoting bacteria (Simmering and Blaut, 2001; 
Losada and Olleros, 2002; Kaur et al., 2002). Better understanding of the metabolic 
activity of bifidobacteria will help to identify the probiotic strains which can better 
compete for nutrients and will also be a contribution to the definition of optimal 
synbiotic combinations. The present study has proved the importance of a careful 
choice of the probiotic part (i.e. Bifidobacteria in the present study) and prebiotic 
part (i.e. barley P-glucan in the present study), together with the molecular weight 
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